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CORE A CRITICAL STUDIES FOR THE 
ENRICO FERMI ATOMIC POWER PLANT 

ON ZPR-III 

by 

C. E. Branyan 

ABSTRACT 

A cri t ical studies program for the Enrico F e r m i 
Atomic Power Plant was run with the ZPR-III fast cr i t ical 
facility by the Idaho Division of Argonne National Laboratory 
at the National Reactor Testing Station in Idaho. 

The objectives of this program included determina
tion of the uranium enrichment required for cri t icali ty, the 
effect of minor variations in core and blanket composition, 
reactivity coefficients, control and safety rod charac te r 
is t ics , power distribution, spectral indices, and the r e a c 
tivity worth and wave shape of the oscillator rod. 

The experimental program was separated into two 
phases. The first phase involved investigations of a clean 
assembly, which was a simplified and homogenized core and 
blanket geometry constructed for ease of experimental ma
nipulation and analysis. The second phase involved experi 
ments on the engineered, or "as-designed," core. This 
assembly included such engineering details as control and 
safety rod channels, core end gaps, and a prec ise recon
struction of the core outline. This provided detailed infor
mation on worths of control rods and fuel subassemblies , 
power distribution, and the effect of variat ions in core and 
end-gap dimensions. 

The application of cr i t ical experiment data to the 
determination of the Enrico Fe rmi reactor charac te r i s t i cs 
has established the U^̂ ^ enrichment for the fuel alloy, worths 
of fuel subassemblies , and the B ' ° enrichment for the con
trol and safety rods. In addition, mater ial-subst i tut ion ex
per iments and fuel-worth measurements have provided the 
paramet r ic data for the determination of the net tempera ture 
coefficient of the Enrico Fe rmi reactor . 
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I. INTRODUCTION 

The Enrico Fermi Atomic Power Plant is a sodium-cooled fast 
breeder reactor with intermediate sodium loops, sodium-to-water s team 
genera tors , and an associated s team-driven turbine-generator . The r e 
actor and steam-generat ing portions of the plant have been designed by 
the Atomic Power Development Associates , Inc., (APDA) and are owned 
and operated by the Power Reactor Development Company. The Enrico 
Fe rmi Atomic Power Plant is located at Lagoona Beach on Lake Er ie , 
approximately 30 miles southwest of Detroit near Monroe, Michigan. 
Steam produced will be purchased by The Detroit Edison Company for the 
production of electr ici ty in the adjacent Detroit Edison turbine-generator 
facility for distribution in the southeastern area of Michigan. 

A contract, effective January 1, 1957, between the Power Reactor 
Development Company and the U.S. Atomic Energy Commiss ion,^ ' ' in 
cluded provisions for a cr i t ical experimental program for the Enrico 
Fermi reactor to be car r ied out by the Atomic Energy Commission. This 
program was conducted with Zero Power Reactor (ZPR-III), Argonne National 
Laboratory 's fast cr i t ical facility, located at the National Reactor Testing 
Station in Idaho. During the course of the experimental work, two APDA 
personnel were assigned to the ZPR-III facility. This report covers the 
work done in this program. 

II. DESCRIPTION OF THE ENRICO FERMI REACTOR (^-^^ 

The reactor portion of the Enrico Fermi Atomic Power Plant is a 
sodium-cooled fast breeder reactor containing U -enriched uranium in 
10 w/o molybdenum alloy fuel pins in subassemblies having a square 
c ross section. The core subassemblies have an upper and lower reflector 
section of depleted uranium-molybdenum alloy. Additional reflector sub
assembl ies of depleted uranium-molybdenum surround the core radially 
to produce a fully reflected core . These reflector regions a re commonly 
refer red to as the axial and radial blankets. A perspective view of the 
reactor and associated control and fuel-handling mechanisms is shown in 
Fig. 1 . The core and blanket subassemblies a re spaced on mat r i ces of 
2.693-in.-square cross section, so that the whole approximates a right 
c i rcular cylinder, 79 in. in diameter and 69 in. high. The core , containing 
the enriched fuel alloy, approximates a right c i rcular cylinder 30.5 in. in 
diameter and 30.5 in. high. 

The reactor components are shown diagrammatical ly in Fig. 2. 
The core region consists of the central fuel portion of 91 subassemblies 
plus 10 control-element channels. The fuel is in the form of part ial ly 
enriched uranium-molybdenum alloy pins, 0.148 in. in diameter and 
30.95 in. long, clad by co-extrusion with 0.005 in. of zirconium to produce 
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SAFETY RODS 
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AXIAL BLANKET 

RADIAL BLANKET 
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SUPPORT PLATES 

Fig. 2 

Fe rmi Reactor 
Arrangement 

a pin OD of 0.158 in. The fuel pins are arranged in the subassembly on a 
0. 1 99-in. - square matrix. Since both ends of the fuel alloy within the pin 
are swaged to a tapered point over a -|--in. length at either end, an average 
uniforrn length of 30.50 in. has been assumed for the purposes of the ex
perimental program. The axial blanket portions of the 91 core subassem
blies and the remaining 548 radial blanket subassemblies consist of 
stainless steel-clad, depleted uranium-molybdenum alloy in the form of 
0.443-in-OD cylindrical rods on a 0.483-in,-square matrix. Plutonium is 
produced in both the core and blanket. Figure 3 is a cross section of the 
reactor showing the arrangement of the core and blanket subassemblies 
and the control element channels. 

Boron carbide poison rods in the core provide both regulating and 
safety control. Regulation is accomplished by two boron carbide rods 
located near the radial center of the reactor operating over a limited 
vert ical stroke from core center to core edge. Eight safety, or shutdown, 
boron carbide rods are situated at about half-radius of the core and are 
fully withdrawn to a point above the upper axial blanket during reactor 
operation. Rapid shutdown is accomplished by dropping the eight safety 
rods into the core with an initial spr ing-assis ted acceleration. 
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F i g . 3. F e r m i R e a c t o r C r o s s Sec t ion 

III. DESCRIPTION OF Z P R - I I l ( 4 ' ^ ' ^ ) 

The Z P R - I I I is a fas t c r i t i c a l r e a c t o r fac i l i ty c o n s t r u c t e d and 
o p e r a t e d by Argonne Nat ional L a b o r a t o r y for the U . S . Atomic E n e r g y 
C o m m i s s i o n at the Nat iona l R e a c t o r Tes t ing Sta t ion in Idaho. The Z P R - I I I 
mach ine is bui l t in two h a l v e s , one of which i s m o v a b l e . E a c h half con
s i s t s of 961 squa re t u b e s , each 2.18 in. on a s ide and 33 in. long. T h e s e 
tubes a r e s t acked in an a r r a y 31 r o w s high and 31 c o l u m n s wide to fornn a 
squa re m a t r i x a p p r o x i m a t e l y 67 by 67 in . , c o n s t r a i n e d in pos i t i on by 
m e a n s of I - b e a m c l a m p s f a s t ened to the p l a t f o r m s . The nnat r ix t ubes 
comnnonly u s e d a r e made of s t a i n l e s s s t e e l , but an a l t e r n a t i v e a l u m i n u m 
se t nnay be subs t i tu ted . The s t a i n l e s s s t ee l m a t r i x tube a r r a y was u s e d 
throughout the c r i t i c a l e x p e r i m e n t a l p r o g r a m for the E n r i c o F e r m i r e 
a c t o r . The movable half of the m a c h i n e a l lows the c r i t i c a l a s s e m b l y to 
be s e p a r a t e d a s a safety m e a s u r e and for conven i ence in loading and un 
loading. F i g u r e 4 shows the se f e a t u r e s of the m a c h i n e . 
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Fig. 4 

Z P R - m Crit ical 
Assembly Machine 

Drawers containing any combination of fissionable, s t ructural , and 
simulated or canned coolant materials may be inserted into the matr ix 
tubes, thus building a configuration of the desired shape and composition. 
The drawers themselves are made of aluminum or stainless steel, per 
forated to reduce density. A drawer loaded with typical mater ia ls is 
shown in Fig. 5. A 16-finger steel leaf spring is inserted at the end of 

^m" 
Fig 5 Photograph of Typical ZPR-III Clean Core 

and Back Blanket Drawer Loadings 



e a c h d r a w e r o p p o s i t e the a s s e m b l y i n t e r f a c e to p r o d u c e a c o m p a c t a r r a y 
of m a t e r i a l s ; the s p r i n g a l l o w s for ax ia l e x p a n s i o n in the even t of an e x 
t r e m e p o w e r t r a n s i e n t . S t a i n l e s s s t e e l d r a w e r s u s e d for the F e r m i c r i t i c a l 
e x p e r i m e n t s w e r e 21 .25 in. long ; t h u s , t h e - ^ - i n . s p r i n g gap w a s •well 
r e m o v e d f r o m the a x i a l e n d s of the c o r e , which o c c u r r e d at 1 5 and 15. 5 in. 
f r o m the a s s e m b l y i n t e r f a c e . 

The c o n t r o l and sa fe ty m e c h a n i s m s of the c r i t i c a l a s s e m b l y con 
s i s t of 10 s t a i n l e s s s t e e l d r a w e r s and d r i v e e x t e n s i o n s a t t a c h e d t h r o u g h 
m a g n e t i c c l u t c h e s to d r i v e m o t o r s . The f o r w a r d p o r t i o n of t h e s e d r a w e r s 
i s n o r m a l l y f i l l ed wi th c o r e m a t e r i a l . The d r a w e r s a r e d r i v e n into the 
r e a c t o r to add r e a c t i v i t y . F o r r a p i d shu tdown, the m a g n e t i c c l u t c h e s a r e 
r e l e a s e d , w h e r e u p o n the c o n t r o l and sa fe ty r o d s a r e r a p i d l y f o r c e d out of 
the r e a c t o r by c o m p r e s s e d a i r . 

The c o m b i n a t i o n s of m a t e r i a l s and s h a p e s which can be a s s e m b l e d 
in the m a c h i n e a r e e x t e n s i v e . The m a t e r i a l s m o s t c o m m o n l y u s e d a r e 
u r a n i u m e n r i c h e d to the e x t e n t of 93.2 p e r cen t U^^^, dep l e t ed u r a n i u m con
t a i n i n g a p p r o x i m a t e l y 0.2 p e r cen t U^^', n a t u r a l u r a n i u m , s t a i n l e s s s t ee l 
and z i r c o n i u m to r e p r e s e n t the s t r u c t u r a l m a t e r i a l s of fas t r e a c t o r s , fuU-
and r e d u c e d - d e n s i t y a l u m i n u m to r e p r e s e n t the l i q u i d - m e t a l coo lan t , and 
a l i m i t e d a m o u n t of s o d i u m c a n n e d in s t a i n l e s s s t e e l . L i m i t e d quan t i t i e s 
of n a t u r a l and B ' ° - e n r i c h e d b o r o n c a r b i d e , g r a p h i t e , and a l u m i n u m oxide 
a r e a v a i l a b l e . S a m p l e s of m a n y o t h e r e l e m e n t s a r e a l so ava i l ab le for r e 
a c t i v i t y coe f f i c i en t m e a s u r e m e n t s . M o s t of the m a t e r i a l s a r e in the f o r m 
of • j ' - i n . - t h i c k p l a t e s , 2 in. wide and 1, 2, o r 3 in. long. A l u m i n u m is 
a v a i l a b l e wi th p e r f o r a t i o n s a p p r o x i m a t e l y - | - i n . in d i a m e t e r , s p a c e d to 
r e d u c e the d e n s i t y to 63 , 56, o r 45 p e r cen t of n o r m a l . A r r a n g e d in the 
d r a w e r s , t h e s e m a t e r i a l s c a n s i m u l a t e a wide v a r i e t y of fas t r e a c t o r c o m 
p o s i t i o n s . The p l a t e s a r e c o l o r - c o d e d and n o r m a l l y a r e loaded in a d r a w e r 
wi th the 2 - i n . d i m e n s i o n v e r t i c a l to f a c i l i t a t e c o m p l e t e iden t i f i ca t ion of the 
m a t e r i a l s , a s shown in F i g . 5. 

The n e u t r o n i n s t r u m e n t a t i o n for the Z P R - I I I i s conven t iona l , a l 
though a d a p t e d to the low l e v e l s of f a s t - n e u t r o n flux involved. T h r e e safety 
c h a n n e l s with a d j u s t a b l e p o w e r l e v e l t r i p s , 2 p e r i o d c h a n n e l s se t to t r i p 
a t 1 5 - s e c p e r i o d s , and 2 r e c o r d i n g p o w e r - l e v e l c h a n n e l s wi thout t r i p s al l 
o p e r a t e f r o m s e n s i t i v e ion c h a m b e r s . P r o p o r t i o n a l c o u n t e r s , f i s s ion 
c o u n t e r s , and o t h e r i n s t r u m e n t s a r e u s e d a s r e q u i r e d in p a r t i c u l a r e x p e r i 
m e n t s . Two r e t r a c t a b l e p o l o n i u m - b e r y l l i u m n e u t r o n s o u r c e s , one in each 
half of the a s s e m b l y , a r e u s e d to i n s u r e an a d e q u a t e n e u t r o n flux for s t a r t u p . 
Once c r i t i c a l i t y h a s b e e n a t t a i n e d , the s o u r c e s a r e r e m o t e l y w i t h d r a w n 
f r o m the r e a c t o r to r e d u c e t h e i r c o n t r i b u t i o n to the s e l f - s u s t a i n i n g n e u t r o n 
popu la t ion and for a c c u r a t e r e a c t i v i t y m e a s u r e m e n t s at the low o p e r a t i n g 
l e v e l s involved. After the two h a l v e s a r e l o a d e d m a n u a l l y , the a s s e m b l y 
is d r i v e n t o g e t h e r r e m o t e l y f r o m b e h i n d a 5-ft c o n c r e t e wa l l and the n e c 
e s s a r y m e a s u r e m e n t s of r e a c t i v i t y , e t c . , ob ta ined . O p e r a t i n g p o w e r l e v e l s 
of 0.01 to 10 w a r e n o r m a l . 
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IV. CRITICAL STUDIES PROGRAM FOR 
THE ENRICO FERMI REACTOR 

A cri t ical studies program for the Enrico Fe rmi Atomic Power 
Plant was developed by the Atomic Power Development Associates , Inc., 
in co-operation with Argonne National Laboratory. (7) This program 
served as a basis for the experimental work with ZPR-III. The objectives 
of this program were as follows: 

1. to obtain the enrichment required for criticality with a fixed 
core composition and geometry; 

2. to obtain the reactivity effects of a variety of minor size and 
composition variations in core and blanket; 

3. to obtain the reactivity coefficients of various mater ia l s in the 
core and blanket, and to determine the nuclear equivalence 
between sodium and the aluminum used as a sodium mockup in 
the cri t ical experiments; 

4. to obtain a variety of operational data such as : power distr ibu
tion, reactivity "worths of core versus blanket subassemblies 
or sodium, and the total and rotational reactivity worths of a 
boron carbide oscillator rod, and 

5. to obtain the necessary B ' " enrichment and worth cha rac te r 
ist ics of the boron carbide control and safety rods having a 
fixed composition and geometry. 

In addition to the above objectives, a ser ies of "meltdown" con
figurations was also to be investigated. (8) These experiments were in
cluded to determine criticality and mater ia l worths for various hypothetical 
configurations resulting from assumed accident situations in which the 
fuel melts and subsequently freezes or otherwise accumulates. This 
portion of the experimental program has been covered in a separate 
report(9) and analyzed by others . (10 • 11) 

The experimental program was divided into two pr imary phases . 
The first phase involved the construction of a "clean" or homogenized 
cylindrical core having the same volume and average composition as the 
Enrico Fe rmi reac tor , but with the control and safety rod channel voids 
averaged over the entire core region. Also, both the radial and axial 
blanket or reflector regions were constructed to have a uniform com
position corresponding to that of the radial blanket of the F e r m i design. 
This simplified loading was pr imar i ly intended to present a simple, two-
region system to facilitate analysis of the data obtained. Experiments 
with the clean core included determination of average density effects on 
reactivity for the various core and blanket mate r ia l s , including zirconium, 
molybdenum, stainless steel , sodium, U^^ ,̂ and U^^ .̂ These resul t s allowed 
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minor reactivity corrections to be applied to the cri t ical mass of the 
engineering core to compensate for the unavoidable mass differences b e 
tween the engineering cri t ical and the F e r m i core design. The density 
effect on reactivity of aluminum, utilized as a mockup for sodium, was 
also determined. By means of small samples of P u " ' , U"^, and B ' " -
enriched and natural boron carbide, reactivity coefficients were also 
obtained at space points in the core and blanket. Additional experiments 
were included to determine the heterogeneity introduced by using •|--in.-
thick plates of depleted and highly enriched uranium to simulate the fuel 
alloy pins of lower enrichment uranium in the engineering design. 

The second phase of the experimental p rogram involved the detailed 
assembly of the engineering dimensions and compositions of the core , con
trol, and safety rod channels, core end gaps, and axial blankets of lower 
density. This engineering design loading, together with the resul t s of the 
preceding clean-core experiments, provided the data necessary to establish 
the final enrichment for the Fe rmi fuel alloy. The engineering core c r i t 
ical also provided additional design and operation information, including 
B enrichment, reactivity, and power distribution effects of the control 
and safety rods, the effects of the addition of fuel subassemblies at the 
edge of the core, and a measure of the axial expansion coefficient by an 
effective lengthening of the core. 



C L E A N - C O R E E X P E R I M E N T S 

A. D e s c r i p t i o n of the E n r i c o F e r m i R e a c t o r Core and Blanke t 

2 1 

The E n r i c o F e r m i r e a c t o r c o r e c o n s i s t s of 91 fuel s u b a s s e m b l i e s 
and 10 c o n t r o l and safety rod c h a n n e l s . The inne r r a d i a l b l anke t r e g i o n 
con ta ins 48 b lanke t s u b a s s e m b l i e s which m a y be r e p l a c e d wi th fuel s u b -
a s s e i m b l i e s . The ou te r r a d i a l b lanke t con ta ins 500 b lanke t s u b a s s e m b l i e s 
wi th 24 f u e l - s t o r a g e pos i t i ons at i ts ou te r p e r i p h e r y . The c o r e and b l anke t 
s u b a s s e m b l i e s a r e s q u a r e in c r o s s s e c t i o n and a r e s p a c e d on a 2 . 6 9 3 - i n . -
s q u a r e m a t r i x ( s ee F i g . 3). The g e o m e t r y is a p p r o x i m a t e l y c y l i n d r i c a l , 
wi th an equ iva l en t r a d i u s of 15.25 in. for the c o r e and 39.40 in. for the 
r a d i a l b l anke t . The c o r e is 30.95 in. high. The a v e r a g e un i fo rm he igh t 
w a s t aken as 30.50 in., the s a m e as that of the fuel p ins noted in S e c t i o n l l . 

F o u r t e e n - i n . - l o n g upper and l o w e r ax ia l b l anke t r e 
gions a r e s e p a r a t e d f r o m the c o r e by a 3 .713- in . 
upper ax ia l end gap and a 5 .963- in . l ower ax ia l end 
gap . T h e s e ax ia l end gap r e g i o n s a r e c o m p o s e d of 
end c a p s , s u p p o r t g r i d s , and s o d i u m p l e n u m r e g i o n s . 
The d i m e n s i o n s of the v a r i o u s r e g i o n s of the F e r m i 
fuel s u b a s s e i n b l y a r e shown in F ig . 6. The c o m p o 
s i t ions of t h e s e r e g i o n s a r e g iven in Tab le I. T h e s e 
c o m p o s i t i o n s a r e b a s e d on the vo lume def ined by the 
m a t r i x spac ing and thus include the spac ing b e t w e e n 
s u b a s s e m b l i e s to p rov ide an a v e r a g e vo lume p e r cen t 
c o m p o s i t i o n . Since the r a d i a l b l anke t c o m p o s i t i o n is 
un i fo rm over the e n t i r e ac t ive l eng th of a b l anke t 
s u b a s s e m b l y , the weigh ts of m a t e r i a l s involved a r e 
given for a t yp ica l o n e - c m length . A t y p i c a l c o n t r o l 
or safety rod channel wi th the po i son s e c t i o n w i t h 
d r a w n c o n s i s t s of 14.46 v / o , Type 304 s t a i n l e s s s t e e l 
and 85.54 v / o sod ium. 

1 

__t 

I4000in BLANKET (fl) 

0.750 in. GRI0(6) 
2,760 in.PLENUM(C) 
O.203ln.ENDCAP(0) 

•30.950 in. FUEL(E) 

0.750m GRID(H' 
500 GAS (J) 
000 in SODIUM(K) 

a.OOO in. BLANKET (L) B. D e s c r i p t i o n of the Clean Core A s s e m b l y 

G e o m e t r y and Compos i t i on . To d e t e r m i n e the 
a v e r a g e c o m p o s i t i o n m t e r m s of vo lume p e r cen t for 
the c l ean c o r e mockup of the F e r m i r e a c t o r in Z P R - I I I , 
the 10 c o n t r o l and safe ty r o d s w e r e a s s u m e d to be 
w i t h d r a w n f r o m the c o r e and t h e i r c h a n n e l s f i l l ed 
wi th sod ium. The m a t e r i a l s in the 10 s o d i u m - f i l l e d 

rod channe l s and the 91 fuel s u b a s s e m b l e s w e r e then h o m o g e n i z e d ove r 
the c o r e vo lume to obta in a v e r a g e vo lume f r a c t i o n s . T h e s e a v e r a g e c o m 
pos i t i ons for the F e r m i r e a c t o r a r e c o m p a r e d in Tab le II wi th the a v e r a g e 
c o m p o s i t i o n s a c h i e v e d in the c l e an and e n g i n e e r i n g c r i t i c a l s in Z P R - I I I 

Fig. 6. Regional Dimen 
sions of Fermi 
Core A Fuel 
Subassembly 
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Table I 

VOLUME PER CENT COMPOSITION AND WEIGHTS OF 
ENRICO FERMI REACTOR SUBASSEMBLIES* 

Zone 

Core Subassembly 

Volume 
(cm') 

Volume 
% 

Density 
(g/cm^) 

Weight 

(kg) 

Upper Axial 
Blanket (A)** 

T o t a l 

U r a n i u m 
M o l y b d e n u m 
S o d i u m 
304 S t a i n l e s s S t e e l 

G r i d (B) 

T o t a l 

304 S t a i n l e s s S tee l 
S o d i u m 

P l e n u m (C) 

T o t a l 

304 S t a i n l e s s S tee l 
S o d i u m 

E n d Cap (D) 

T o t a l 

3 04 S t a i n l e s s S t e e l 
Z i r c o n i u m 
S o d i u m 

F u e l (E) 

T o t a l 

U r a n i u m 
M o l y b d e n u m 
Z i r c o n i u m 
304 S t a i n l e s s S tee l 
Sod ium 

1663.3 

4 7 0 . 3 
25.2 

890 .6 
277 .1 

89.1 

39 .5 
49 .7 

327 .9 

44 .4 
283.5 

24.1 

3 . 3 

1.5 
19.4 

3677.1 

1025.8 
213.0 
217 .5 
486 .4 

1734.4 

28 .3 
1.5 

53.5 
16.7 

44 .3 
55.7 

13.5 
86.5 

13.5 
6 . 0 

80.5 

27.9 
5 . 8 

5 . 9 
13.2 
47.2 

19.00 
10.20 

-
7.85 

7.85 
-

7.85 

-

7.85 
6.44 
-

19.00 
10.20 

6.44 
7.85 
-

8.97 
0.26 
-

2.21 

0.31 
-

0.35 

-

0.03 
0.01 

-

19.56 
2 .17 
1.42 
3.87 
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Tab le I (Cont 'd . ) 

C o r e S u b a s s e m b l y 

Zone 

End Cap ( F ) 

Tota l 

Z i r c o n i u m 
304 S t a i n l e s s S tee l 
S o d i u m 

P l e n u m (G) 

Tota l 

304 S t a i n l e s s S tee l 
Sod ium 

V o l u m e 
( c m ' ) 

108.2 

28.2 
22.8 
57.2 

220. 1 

35.7 
184.4 

Volume 
% 

26.1 
21.0 
52.9 

16.2 
83.8 

D e n s i t y 
( g / c m ' ) 

6.44 
7.85 

-

7.85 

-

Weight 
(kg) 

0.18 
0.18 

-

0.28 

-
G r i d (H) 

To ta l 91.6 

304 S t a i n l e s s S tee l 40.6 44 .3 7.85 0.31 
Sod ium 51.0 55.7 

G a s (J) 

To ta l 

304 S t a i n l e s s S tee l 
G a s 
S o d i u m 

Sod ium (K) 

Tota l 

304 S t a i n l e s s S tee l 
Sod ium 

L o w e r Axia l 
B l a n k e t (L) 

Tota l 

U r a n i u m 
M o l y b d e n u m 
304 S t a i n l e s s S tee l 
Sod ium 

183.2 

30.6 
56.7 
9.58 

122.1 

20.4 
101.7 

1709.0 

483.2 
25.9 

284.7 
915.1 

16.7 
31.0 
52.3 

16.7 
83 .3 

28.3 
1.5 

16.7 
53.5 

7.85 
-
-

7.85 
-

19.00 
10.20 

7.85 
_ 

0.24 
-
-

0.16 
-

8.97 
0.26 
2.21 
. 
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T a b l e I (Cont 'd . ) 

R a d i a l B lanke t ( B a s e d on 1-cm length) 

T o t a l 

Vo lume 
( c m ' ) 

48.1 

Volume 
7o 

Dens i ty 
( g / c m ' ) 

Weight 

(kg) 

U r a n i u m 
M o l y b d e n u m 
3 04 S t a i n l e s s S tee l 
Sod ium 

21.4 
1.0 

8 .9 
16.7 

44.6 
2 . 1 

18.6 
34.7 

19.00 
10.20 

7.85 

-

0.40 
0.10 
0.15 

• C o m p o s i t i o n s a r e b a s e d on uni t c e l l d i m e n s i o n s and thus include 
the s p a c i n g b e t w e e n s u b a s s e m b l i e s . 

**The l e t t e r s r e f e r to the n o t a t i o n s in F i g . 6. 

Table I 

COMPARISON OF DESIGN ANO EXPERIMENTAi CORES 

Core Volume 
Core Height, 

l i ters 

in. 
Equivalent Diameter, i n . 

Cold Cri t ical Mass ot u 3 5 , kg 

Total Core Composition 

^,235 

> 
Mo 
Zr 
SS 
Na 
Al 

Blanket Composition (v/o) 

235 
;J238 
Mo 
SS 
Na 
Al 

En 

W Q I " 

25. W 

5.2 
5.3 

13.3 
51.0 

Radia 

44.6 

2,1 
18.6 
34.7 

rico Fermi 

Reactor 

371.5 

30.95 

30.5 

k g ^ 

1774.5 

198.2 
127,0 
388,7 

Axial 

28,3 

1.5 
16,7 
53-5 

Clean Crit ical 

Z P R - m 

378.0 

30,10 

31,3 
431,5 

v/o 

6,09 

18.97 

5.0 
4.3 

14.3 

25,1 

Radial'^' 

0,1 
45-6 
25 

19,5 

10.1 

Ja_ 
431,5 

1362,5 
193,9 

104,9 

424,8 

256,7 

Axial 

0,1 
45-6 
2,5 

19,5 

10,1 

Engineeri 

Critical 

Z P R - m 

367,3 

30.60 

30,5 
434,4 

^ 
6.30 

19.54 

4,54 

4,49 
1397 

28.94 

Railial'^' 

0-1 
45.6 

25 
19.5 

18.6 

9 

1, 111 
kg 

434.4 

1363,6 

170,0 

106.3 
402,7 

287,0 

Axial 

0,06 
28,3 

18.5 

24.1 

Includes safety and control rod channels, 
I2> 

Fine radial blanket only. 

The d e n s i t i e s u s e d to c a l c u l a t e the vo lume p e r cent c o m p o s i t i o n s in Z P R - I I I 
fronn the w e i g h t s of the m a t e r i a l s a r e as fo l lows: 

M a t e r i a l 

U ' " 
U238 

Aluminum 
S t a i n l e s s s t e e l (304) 
Molybdenum 
Zirconlui-n 

Dens i ty ( g / c m ' ) 

18.75 
19.00 

2.70 
7.85 

10.20 
6.44 
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For ease in analyzing the resul ts of the clean-core experiments , 
end-gap regions in the Fermi Reactor were omitted from the clean 
assembly by loading the axial blanket regions adjacent to the cylindrical 
ends of the core. To simplify the drawer loadings, the core height was 
fixed at 30 in., thus allowing a uniform loading 15 in. of core mater ia l in 
each half of the assembly. The assembly interface spacing, composed of 
the perforated steel drawer fronts, adds an additional 0.08 in. to the over
all length of the core. A reasonably cylindrical core geometry was 
achieved by the use of partial edge drawers loaded to contain a representa
tive region of core mater ia l over that fraction of the drawer adjacent to, 
and lying within, the core. The remaining portion of the drawer was loaded 
with typical blanket mater ial . The locations of the part ial edge drawers 
for the clean-core crit ical loading are shown in Fig. 7, which represents 
a cross section of the crit ical assembly at the cylindrical midplane. The 
reflector or blanket was loaded in fine, medium, and coarse regions rep
resenting increasing heterogeneity. This was necessitated by a limited 
inventory of —-in.-thick plates of the various materials required to extend 
the fine blanket region. The inedium blanket region utilized 1 x 1 x 5-in. 
pieces of U^'°, aluminum, and stainless steel, whereas the coarse blanket 
contained 2 x 2 x 5-in. pieces of U^'* separated by a 1 x 2 x 2-in. region 
composed of -j- x 2 x 2-in. pieces of Type 304 stainless steel and void. 
Figure 8 is a cross section of the clean core along the cylindrical axis, 
showing the radial and axial dimensions of the core and blanket regions 
of the assembly. The radial and axial dimensions are measured from the 
cylindrical axis and the core midplane, respectively. The radii shown are 
the equivalent radii of the various regions. 
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Fig. 7. ZPR-III Assembly Loading Diagram 
Clean Core 
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Medium Blanket 

Core 

Interface 

Core 

Fig. 8 

Longitudinal Cross Section, 
Clean Core 

The requirements of fixed composition imposed on the clean core 
prohibited the use of a standard core drawer loading without using part ial-
height axial columns of the various core mater ia l s . Since partial columns 
would have required many more small pieces of the mater ia ls than were 
available, four different drawer loadings were used as a repetitive unit. 
The order of the mater ia l s in the various drawer loadings used in the clean 
core assembly is given in Table III. 

Drawer 
Loading" 

No. 1 

No. 2 

No. 3 

No. 4 

No. 5"Ml/2corel 

No. 6 " ( i ; 3 Corel 

No, 7"(3/4 Corel 

No. 8*-(3;4 Corel 

No. 9 (seed) 

No. 10 iseedl 

CLEAN-CORE DRAWER LOADINGS (CORE SECTION! 

1/8-in. columns, left to rtght across drawer face 

63% 

63% 

112 Mo 

1/2 45% 

63% SS 45% 63% 

45% 

SS 

SS 

28 

63% 

28 

6» 

28 

63* 

28 

25 

Mo 

45% 

63* 

63% 

63% 

28 

28 

Control-1 

Conlrol-2 

Control-3 

Control-4 

Control-5 (seed! 

(Onfy 15 columns in control drawersl 

63% 63% Mo 63% 28 

28 63% 63% Mo 63% 

•Typical locations Ot ttie drawers are stiown in Fiq 10 
"Core edge drawers 

28 - U238 
25 - U235 

- 304 stainless steel 
- molybdenum 

Z r - zirconium (13-in. column! 
% refers to aluminum density 
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A diagram of a typical core drawer loading as portrayed in Fig. 5 is 
shown in Fig. 9. The zirconium columns were interrupted at different 
axial points in the various drawer loadings with a 2 x 2 x—-in. piece of 
63% density aluminum to approximate more closely an initial requirement 
of an average of 4.41 v/o zirconium. Following the cri t ical experimental 
program, the zirconiunn v/o for the designed core was increased to 
5.31%, with a corresponding reduction in the stainless steel, as shownin 
Table II. 

1 i l l l i l i M i I I I 1 I i I I I 1 l l l l l l 
63% Al 

63% Al 

45% Al 
63% Al 

28 
25 

63% Al 
63% Al 

Mo 
63% Al 

28 
63% Al 
63% Al 

Fine 
Blanket 

, 1, 
28 

45% Al 
28 
28 
Mo 

45% Al 
28 
SS 
SS 
28 

45% Al 
28 
28 
28 

45% Al 
28 

Medium 
Blanket 

i l l i l l 

\ / \ / \ / \ / l l l . J ' S 
56% Al 
over 

, " X 

/ \ 1 \ 
\ 1 
\ 1 
l x U 2 ' s 

28 
over 
SS 

l x l x 2 ' s 
28 

over 
56% Al 

/ \ / \ ^ 1 
\ / I x l x Z ' s 

28 
over 
28 

/ \ / \ / \ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 < 1 1 1 1 , 1 , 1 1 i 1 1 1 i I 
0 I 7 ] 4 5 E r 9 9 U II i ; Q M I& l« IT II IS ZO ! l 

. , ., ^ Inches Irom Drawer Front 
Assembly No 20 

Fig. 9. Clean-core Drawer Loading, Master No. 1 

Drawer loadings 9, 10, and C-5 (Control-5) in Table III represent 
"seeded" drawers in which the U content was increased by replacing a 
column of depleted uranium with a column of enriched uranium. Figure 10 
is the clean-core loading diagram for half No. 1 of ZPR-III at cri t icali ty, 
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9 

2 

2 

2 

2 

3 

3 

3 

3 

3 

3 

3 

X̂  
3 

3 

3 

3 

3 

3 

3 

10 

4 

4 

4 

4 

4 

4 

4 

1 

4 

4 

4 

10 

4 

4 

1 

1 

1 

1 

cX 
1 

1 

1 

1 

1 

1 

1 

2 

9 

2 

2 

2 

2 

2 

2 

X 
2 
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X 

H 
3 
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3 

3 
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Fig. 10 

Clean-core Loading Diagram, 
Half No. 1 (See Table III for 

description of drawers) 
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showing the l o c a t i o n s of the s e e d e d d r a w e r s . A c o r r e s p o n d i n g a r r a y w a s 
u s e d for Half No. 2, w i th d i f fe ren t l oca t i ons for the s e e d e d d r a w e r s , to 
p r o d u c e a r e l a t i v e l y h o m o g e n e o u s d i s t r i b u t i o n . Reac t iv i ty e f fec t s in e x c e s s 
of t ha t a v a i l a b l e in the c o n t r o l r o d s w e r e c o m p e n s a t e d by the e x c h a n g e of 
n o r m a l and s e e d e d d r a w e r s in the c o u r s e of the e x p e r i m e n t a l p r o g r a m . 

F i g u r e 11 is a d i a g r a m of a t yp i ca l fine r a d i a l b l anke t d r a w e r l o a d 
ing . T h e l l - j - i n . a x i a l b l a n k e t d r a w e r s i m m e d i a t e l y beh ind the 21- j " in . 
c o r e d r a w e r s con t i nued the m e d i u m b l anke t loading p a t t e r n as shov^n m the 
l a s t 4 in. of the c o r e d r a w e r load ing of F i g . 9. The v / o c o m p o s i t i o n s of 
the c l e a n c r i t i c a l c o r e and of the v a r i o u s b l anke t r e g i o n s a r e g iven in 
T a b l e IV. The d i m e n s i o n s of the a s s e m b l y a r e t hose shown in F i g . 8. 

Tab le IV 

COMPOSITION OF VARIOUS REGIONS OF CLEAN-CORE ASSEMBLY 

Blanket 

Outer Radius (in.) 

Compos i t ion (v/o) 
U235 

U 2 3 8 * 

A l 
Sta in less Steel ( 
M o 
Z r 

304) 

Core 

15.63 

6.09 
18.97 
25.14 
14.32 

5.03 
4.32 

F ine 

18.77 

0.10 
45.39 
10.08 
19.42 

2.46 

-

Medium 

25.94 

0.11 
48.70 
13.47 
21.00 

-
-

C o a r s e I 

28.60 

0.11 
46.35 

0.86 
16.65 

-
-

Coar se II 

33.65 

0.14 
59.59 

1.10 
7.31 

-

*This a l so inc ludes U"^ and U " ' 

F i g . 11 . F i n e R a d i a l B lanke t D r a w e r Loading M a s t e r 

1 l i 11 i l l l l i 1 , 1 

Fir 
Blan 

1 
e 
ket 

1 I I I 1 1 M l l l l l l 

28 
45% Al 

SS 
SS 

45% Al 
7R 

45% Al 
Mo 

45% Al 
45% Al 

?R 
45% Al 

\ / \ / l x l x 3 ' s 
28 

over 

/ \ / \ 

45% Al 
Mo 

45% Al 

45% Al 

\ / \ / 
28 

/ \ / \ 

45% Al 
Mo 

45% Al 

\ / 
\ / 

28 

/ \ / \ 

Medium 
Blanket 

l l l l l 

\ ^ \ / i x l x 3 ' s 
56% Al 

over 
28 \ 

/ \ / \ \ ) \ / 
28 

/ \ / \ I ' I > I > I ' I < 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 i 1 1 1 1 1 

Inches from Drawer Front 
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Loading to Critical and Critical Mass. The radial and axial blanket 
regions were loaded as shown in Figs. 7 and 8. The core was loaded ac
cording to Fig. 10 with the repetitive unit drawer sequence, but without 
seeded drawers . The core drawers were initially loaded with an axial 
column of 63% density aluminunn in place of each column of uranium en
riched in U^^ .̂ A conservative stepwise approach to a cri t ical loading was 
then accomplished by replacing these aluminum coluimns with U .̂ With
out seeded drawers , a subcritical loading of 414 kg of U^̂ ^ was attained. 

Eighteen distributed normal core 
drawers were then "seeded" by sub
stituting a column of Û ^̂  for U^̂ * to 
produce a loading of 433.5 kg of U^^ ,̂ 
which "was supercri t ical by 
1 04.6 inhours. 

The worth of an axial column 
of Û ^̂  for U^̂ ^ as a function of radius 
was determined (see Fig. 12), and 
an average worth was then calculated 
to be 51.6 I h / k g U " ^ Thus, the clean 
critical mass of this assembly was 
calculated to be 431.5 kg Û ^̂  at 
28.6 °C. The volume of the core 
was 378.0 l i ters with the dimensions 
as shown in Fig. 8. 

RADIUS OF CORE, in 

Fig. 12. Radial Worth of an Axial 
Column of U 
for U"8 

Substituted 

Inhour Relation. The period-versus-inhour curve utilized for the 
positive period measurements of reactivity during this program was cal
culated from the following d a t a . ' ' ' 

Group Xi (sec"') 

1 
2 
3 
4 
5 
6 

0.0127 
0.0318 
0.112 
0.301 
1.33 
3.85 

0.033 
0.195 
0.182 
0.400 
0.151 
0.038 

0.000227 
0.00134 
0.00125 
0.00275 
0.00104 
0.000261 

|3eff = 0.00687 

1% = 451 Ih 

$1 = 310 Ih 

1 Ih = 2.2169 X 10"^ A k / k 

1<^ = 6.87 X 10"^ A k / k 



30 

Z P R - I I I T e m p e r a t u r e Coeff ic ient . A s e r i e s of r e f e r e n c e m e a s 
u r e m e n t s w e r e c o n d u c t e d on the c l e a n - c o r e loading at v a r i o u s equ i l i o 
t e m p e r a t u r e s in o r d e r to define an a v e r a g e t e m p e r a t u r e coef f ic ien t to 
the Z P R - I I I a s s e m b l y . M e a s u r e m e n t s over a r a n g e cove r ing 8 .2°CinaiC 
a n e t t e m p e r a t u r e coef f ic ien t of - 1 . 5 ± 0.2 Ih / °C (-3 .3 + 0.4 x 10 '^ A k / k - ° C ) . 

Z P R - m C o n t r o l Rod C a l i b r a t i o n . Two of the t en f u e l - c o n t a i n i n g 
c o n t r o l r o d s in Z P R - I I I w e r e loaded a s " s e e d e d " 
d r a w e r s to p r o v i d e add i t iona l r e a c t i v i t y c o n t r o l 
d u r i n g the c o u r s e of the e x p e r i m e n t a l p r o g r a m . 
A c a l i b r a t i o n c u r v e for the r o d l o c a t e d in p o s i 
t ion N14 ( s e e F i g . 10), loaded as a s e e d e d 
d r a w e r C-5 (whose coimposi t ion is g iven in 
T a b l e III), is g iven in F i g . 13. T h i s c u r v e was 
g e n e r a t e d by d e t e r m i n i n g the p o s i t i v e r eac t iv i ty 
c h a n g e s p r o d u c e d by s t e p w i s e rod i n s e r t i o n s by 
m e a n s of p o s i t i v e p e r i o d m e a s u r e m e n t s . The 
10 - in . p o s i t i o n m e a n s , for example , tha t the 
c o n t r o l r od d r a w e r , wh ich h a s been loaded in 
z o n e s to c o r r e s p o n d to the c o r e and ax ia l b lan
ke t r e g i o n s , is w i t h d r a w n 10 in. f r o m the a s 
s e m b l y i n t e r f a c e , o r c o r e .midplane. Th i s 
p r o d u c e s a 2.10 x 2.10 x 10- in . a i r - f i l l e d "void" 
r e g i o n in the c o r e . As i nd i ca t ed in F i g . 13, the 
i n s e r t i o n of the rod f r o m th i s point to the "full-
in" o r z e r o p o s i t i o n r e p r e s e n t s a r e a c t i v i t y 
add i t ion of 101 Ih or 2.24 x 10 ' ^ A k / k . 

10 
DISTANCE ROD WITHDRAWN, in. 

The 15- in . c o r e r e g i o n of a " s e e d e d " 
13. ZPR-III Control Rod C a l l - ^ i •, • i j • ^-i, ^ « « i ^ ^ ^ , w « - , - i t -

c o n t r o l d r a w e r , inc lud ing the s t e e l d r a w e r it 
bration Curve, Fermi , ^ , , . . , . *. • i self, con t a ined the fol lowing w e i g h t s ol m a t e r i a l s . 
Clean Core. ' ° =" 

Fig-

Materi 
^ 2 3 5 

U238 

Mo 
Z r 
SS 
Al 

al W eight (g) 

1033 
1178 

606 
329 
758 
897 

C. Reac t iv i ty Coeff ic ient M e a s u r e m e n t s 

Dange r coeff ic ient o r r e a c t i v i t y coeff ic ient m e a s u r e m e n t s w e r e 
m a d e wi th the c l e a n - c o r e a s s e m b l y for a s e l e c t e d g r o u p of m a t e r i a l s . In 
g e n e r a l , t h e s e m e a s u r e m e n t s involved the i n s e r t i o n of 8 i n . ' of the s a m p l e 
m a t e r i a l in the f o r m of two b locks of the m a t e r i a l , e a c h 1 x 2 x 2 in. 
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An air-filled void region of this size was initially provided, and the reactivity 
effect of the sample was then determined with respect to this void. Special 
drawers were utilized to eliminate any axial shifting of the core mater ia l . 
An accuracy of i 0.5 Ih can be assigned to the net reactivity measurement . 
This accuracy has been repeatedly demonstrated by the reproducibility of 
these measurements . 

Core Center. Measurements at the center of the core were made by 
removing 4 in. ' of core mater ia l from the front, or assembly interface end 
of the center drawer in each half, thus producing an 8-in. ' void region at 
the center of the core with the halves assembled. With this void condition 
as a reference, various mater ia ls were inserted and the resulting reactivity 
changes noted. The data obtained are given in Table V. In the smaller 
samples of boron-10 and of boron-10 carbide, the remaining volume was 
either filled with aluiminum or left void, as indicated. 

Radial Core-Blanket Interface. Measurements at the core-blanket 
interface along the core midplane were conducted in a similar manner by 
providing a 4- in . ' void in each of the opposing drawers in V-12 (see Fig. 10). 
This provided a radial core-blanket interface position which placed half of 
the sample volume in each region. The data thus obtained are given in 
Table V. 

CENTRA! AND CORE-EDGE REACTIVITY COEFFICIENTS 
iWitii Respect to Voidi 

Sample 

Al 

SS 

Mo 

Zr 

Be 

Depleted 
Uranium 

Pti I 

BlO 

B j C l * 

C 

Material iSize) 

Aluminum liOOTI 
l l x l x Z i n . i 

Stainless Steel iType 3041 
1118x1 x 2 i n , l 

Molybdenum 
11 X 2 x 2 i n . l 

Zirconium 
I l x 2 x 2 i n . l 

Beryllium 
11 x Z x Z i n . l 

UZ38 ,o,n U255, 

11/8x1 x 2 i n . l 

Pfiysicum I ioxide>i2) in SS Cans 

i l / ' l x 2 x 2 i n . cans) 

Boron in SS cans 
11 /8x2x2 in. cansi 

Aluminum (45%) 
( l / 8 x 2 x 2 i n . l 

Boron-lO Carbide 
11/4x1 x 2 i n . l 

Graphite 
I l x 2 x 2 i n . l 

Core Center 

Number 
of Pieces 

4 

32 

2 

2 

2 

32 

8 

6 

10 

2 

2 

Weigtit (gl 

350.7 

999.8 

1280.5 

M . O 

240.7 

2462.0 

230.0 iof Physicum l l 
17O0 iof SSI 

23.l'5i lot boron) 
205.3 Iof SS) 
93.9 (of Al) 

32.2 

196.J 

Total 
Reactivity 
Eflecl ( Ih l 

-1.4 

-4.1 

-13.8 

-3,1 

8.3 

-13.6 

-5.4 

-42.9 

-41.0 

1.3 

Ih/Kg of 
Sample'i ' 

-4.0 

- 4 1 

-108 

-3.7 

34.5 

-5.5 

-204 

-1800 

-1275 

6.6 
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Sample 

Ta 

Inconel-X 

Hg 

Axial 

Al 

SS 

BlO 

B j C " 

Radial 

Al 

SS 

Mo 

Zr 

Be 

Depleted 
Uranium 

Ph 1 

Inconet-X 

Material (Size) 

Tantalum 
( 1 / 8 x 2 x 2 in.) 

Inconel-X 
(2 X 2 X 1/4 in.) 

Mercury in SS Can 
( 2 x 2 x 1 in.) 

Aluminum (100%) 
( l x l x 2 i n . ) 

Replaced by Aluminum (45%l 
11 /8x2x2 in.) 

Stainless Steel (Type 304) 
I l / 8 x 2 « 2 i n . l 

Boron in SS Cans 
(1/8 x 2 X 2 in. cansi 

Boron-10 Carbide 
(1/4 X 1 X 2 in.) 

Aluminum (lOtfM 
( 1 x 1 x 2 in.) 

Stainless Steel (Type 304) 
( 1 x 1 x 2 in.) 

Molybdenum 
( I x 2 x 2 i n . l 

Zirconium 
( I x 2 x 2 i n . l 

Beryllium 
( 1 x 2 x 2 in.) 

U238 (0.2% u235i 

( 1 / 8 x 1 x 2 in.) 

Ptiysicum I (oxide)'^' in SS Cans 
11/4x2x2 in. cansi 

Inconel-X 
12x2x1/4 in.) 

TabieKCont'd. i 

Core Center 

Number 
of Pieces 

16 

8 

2 

i/Ueight (g) 

2103.1 

1044 

1383,d (of Hg) 
197.3(01 SSI 

Core-blanket Interface 

4 

10 

6 

6 

2 

4 

4 

2 

2 

2 

32 

8 

8 

256.8 (net) 
350.7 

93.9 

371.6 

23.1'3i (of boron) 
205,3 (of SSI 

32.2 

350.7 

1017.4 

12805 

846.0 

240.7 

2462.0 

230.0 (of Ptiysicum I) 
170,0 (of SS) 

1044 

Total 
Reactiyity 
Effect (Ih) 

-51.« 

-5.2 

-7.5 

2.3 

1.9 

-7.8 

•8.3 

3.6 

4.3 

3.5 

4.3 

5.1 

2.6 

19 

5.7 

Ih/Kg ol 
Sample'i' 

-24.6 

-5.0 

-4.8 

9.0 

5.1 

-383 

-258 

i a 3 

4.2 

2.7 

5.1 

21.2 

1.1 

5.1 

5.4 

(iiCorrected for canning material and aluminum 

(ZtComposition given in Reference 6. Molecular weights in Reference 6 are incorrect however. The corrected values are 

Formula f^lecular weight 

(Ph-I lOi 519 142,2 

(Ph-E)Oi,146 136,1 

In computing the above, 2 atoms of oxygen are substituted for each sulfur atom, and 3/4 atoms oxygen (or each carbon atom, 

'3'Boron sample contains 94 w/o boron and 6 w/o impurities, and is enriched to 92 atom % 8^0. 

(4iBoron carbide sample contains 69,34 w/o boron and 27,68 w/o carbon. The boron is enriched to 90.7 atom % B^B, 

Axial C o r e - B l a n k e t I n t e r f a c e . The m e a s u r e m e n t s at the ax ia l 
c o r e - b l a n k e t in te r face w e r e s i m i l a r l y ob ta ined by p rov id ing an 8-in.^ void 
reg ion extending 1 in. into the c o r e and 1 in. into the ax ia l b l anke t . T h i s 
was loca ted on the c y l i n d r i c a l ax is at one end of the c o r e . The data for 
this locat ion a r e given in Table V. 

D. React iv i ty Wor ths of P lu ton ium and U^^^ 

Axial and r a d i a l t r a v e r s e s of the r e a c t i v i t y w o r t h of p lu ton ium and 
U , as wel l as r ad i a l t r a v e r s e s of the w o r t h of an ax ia l c o l u m n of t h e s e 
m a t e r i a l s , w e r e conducted with the c l e a n - c o r e a s s e m b l y . An in i t i a l 
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r e f e r e n c e loading w a s e s t a b l i s h e d for both m a t e r i a l s by loading a - ^ - i n . -
th ick c o l u m n of 63% dens i t y a luminu in ad jacen t to a - r - i n . - t h i c k c o l u m n of 
45''/o-density a l u m i n u m at the l o c a t i o n s w h e r e s a m p l e m a t e r i a l s w e r e to 
be p l a c e d . In the c a s e of the T ' i n . - t h i ck (̂ j- x 2 x 2 - in . and - ^ x 2 x 3 - in . ) 
a l u m i n u m - c l a d , a l u m i n u m - a l l o y e d p lu ton ium s a m p l e s , the r e m o v a l of the 
two a l u m i n u m c o l u m n s and the subs t i t u t i on of the p lu ton ium s a m p l e r e 
su l t ed in a neg l ig ib le change of a l u m i n u m m a s s . F o r the U^^^ s a m p l e , the 
two p a r t i a l - d e n s i t y a l u m i n u m c o l u m n s w e r e r e p l a c e d by a - ^ - i n . - t h i c k U ^ 
s a m p l e p lus two --7--in.-thick p l a t e s of 100% dens i ty a l u m i n u m to p r o d u c e 
aga in a neg l ig ib le change of a l u m i n u m m a s s . T h u s , the o b s e r v e d r e a c 
t iv i ty c h a n g e s in a l l c a s e s a r e d i r e c t l y a t t r i b u t e d to the p r e s e n c e of the 
s a m p l e m a t e r i a l v e r s u s void. 

The two, -— X 2 X 2- in . p lu ton ium s a m p l e s used for the r a d i a l and 
a x i a l t r a v e r s e s con ta ined 185.99 g p lu tonium,of which 175.78 g w e r e Pu^^'. 
The two -J- X 2 x 2 - in . U^^^ s a m p l e s con ta ined 287.36 g u r a n i u m , of which 
267.84 g w e r e U " ^ 

The ax ia l s a m p l e co lumn con ta ined 464.96 g p lu ton ium, of which 
439.43 g w e r e Pu^^', and 729.60 g of u r a n i u m , of wh ich 680.14 g w e r e U^" . 

The r e a c t i v i t y va lue s given in Table VI a s s u m e a neg l ig ib le r e a c 
t ivi ty c o n t r i b u t i o n f r o m the U^^'', U^^'', and U^^° in the u r a n i u m s a m p l e . 

Table VI 

WORTHS OF PLUTONIUM AND U"^ 

Radial Traverse at Midplane Axial Column as Function 
(0 - Z in. in drawer) of Radius 

Worth (Ih/kg) 

Radius (in.) U"̂ ^ Pu* 

0 135.0 223.0 
8.73 85.2 138.8 

15.28 31.0 45.2 

Axial Traver se Along 
Cylindrical Axis of Core 

Worth (Ih/kg) 
Position in -̂  

Drawer (in.) U^'^ Pu* 

Radius (in.) 

0 
4.74 
8.73 

10.79 
13.47 
15.28 
17.71 
19.90 
22.08 

Wor 

U235 

95.1 
82.7 
59.7 
46 .5 
29.7 
20.6 
11.2 

4.7 
2.5 

th ( Ih /kg) 

P u * 

156.0 
134.0 

98 .5 
74 .6 
46 .6 
31.4 
13.8 

6.2 
2.2 

0 - 2 135.0 223.0 
6 - 8 105.3 172.0 

13 - 15 43 .7 66.2 

* I so top ic a n a l y s i s of P u m a / o : P u " ' 94 .51 ± 0.08 a / o 
Pu^"^ 5.11 ± 0.07 a / o 
P u " ' 0.38 ± 0.03 a / o 
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Radial T rave r se . The radial t raverse was conducted at the core 
midplane by locating the sample mater ia l at a point from 0 to 2 in. in 
opposing drawers on either side of the core midplane. A core center , core 
edge, and intermediate location were utilized. These data are shown m 
Table VI. 

Axial T rave r se . The axial t r ave r se was conducted in the two op
posing central drawers along the cylindrical axis (P- l6) at 0 to 2 in. 
6 to 8 in., and 13 to 15 in. from the core midplane. These data are shown 
in Table VI. 

Radial Traverse of Axial Column. Since only four samples, r ep-
re senti^^^TT^iir^fTFT^r^I^hllS^^I^Il^^ry^e re available for these measure 
ments, a comparable amount of U"^ was also used. The samples were 
located from 1 to 3 in., 4 to 7 in., 8 to 10 in., and 11 to 14 in. These data 
are included with the axial and radial t r ave r se numbers in Table VI. 

E. Material Substitutions 

Two separate ser ies of mater ia l -subst i tut ion experiments were 
conducted with the Fermi clean-core loading to determine average r eac 
tivity coefficients in the core and fine radial blanket. The mater ia l s 
studied were aluminum, molybdenum, zirconium, sodium, oxygen in the 
form of aluminum oxide. Type 304 stainless steel, and depleted uranium 
(containing ~0.2% U" ' ) . The fine radial blanket substitutions were r e 
stricted to aluminum, sodium, and stainless steel. Additional measure 
ments of average reactivity coefficient for aluminum and depleted uranium 
in the radial and axial blankets were conducted with the F e r m i engineering 
core loading and are included with the engineering core data. 

The first ser ies of mater ia l substitutions were conducted with the 
clean-core loading. Inasmuch as anomalous data resul ted from the 
depleted-uranium substitutions in the core, a modified c lean-core loading 
was assembled following the engineering-core experiments . The purpose 
of this modified loading was to investigate the reactivity effects produced 
by small local variations in density for the aluminum and depleted uranium 
over the entire core. 

Distributed Worths in Core and Fine Blanket. Each drawer has 
seven symmetrical counterparts in other parts of the core, one in each of 
the three other quadrants in its one half and four more in the opposite half. 
By selecting a group of drawers each of which is the symmetr ica l counter
part of a different drawer in one quadrant, a sample consisting of only 
one-eighth of the total drawers can be obtained such that its radial distr ibu
tion is characteris t ic of the whole core. At the same t ime, the sample can 
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be c h o s e n so tha t it is f a i r l y un i fo rmly d i s t r i b u t e d ove r the e n t i r e c o r e . 
Such a s a m p l e is ident i f ied in th i s 

10 " 1? '3 14 15 16 '7 18 n 20 21 22 23 2.1 r e p o r t as 3. d i s t r i b u t e d e igh th of 
the c o r e . A d i s t r i b u t e d q u a r t e r 
o r o t h e r f r a c t i o n can be c h o s e n in 
a s i m i l a r i n a n n e r . T h e s e d i s t r i 
buted p a t t e r n s of d r a w e r s have 
been u s e d for d e t e r m i n a t i o n of the 
w o r t h of m a t e r i a l s d i s t r i b u t e d 
un i fo rmly th roughou t the c o r e . 
S e v e r a l such d i s t r i b u t e d p a t t e r n s 
which have been used a r e i l l u s 
t r a t e d in F i g . 14, w h e r e the c i r c l e d 
n u m b e r s r e p r e s e n t d r a w e r s in 
Half No. 2, whi le the u n c i r c l e d 
n u m b e r s a r e for Half No. 1. 

D r a w e r s ind ica ted as No. 1 
c o r r e s p o n d to a — d i s t r i b u t e d l o a d -
ing; No. 2 c o r r e s p o n d to -r load ing; 
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F i g . 14. 

e t c . When the loading involved 
m o r e than half the c o r e , the s a m e 
sequence w a s used excep t that the 
c i r c l e d n u m b e r s in F ig . 14 then 
c o r r e s p o n d to Half No. 1 and the 
u n c i r c l e d n u m b e r s to Half No. 2, 
The m e a s u r e m e n t s of the w o r t h s of 
s t a i n l e s s s t e e l , m o l y b d e n u m , z i r 

con ium, and U^^° w e r e done wi th a f r a c t i on of the c o r e involving 38 d r a w e r s 
r a t h e r than the 41 d r a w e r s mak ing up a full q u a r t e r . This r e p r e s e n t e d the 
o m i s s i o n of the p a r t i a l edge d r a w e r s and con t ro l d r a w e r s . 

D i s t r i b u t e d Loading Scheme 
for Both Ha lves in the 
Mate r i a l - s u b s t i t u t i o n 
M e a s u r e m e n t s 

The vo lume of the c o r e was not changed at any t i m e f r o m the 
3 7 8 - l i t e r r e f e r e n c e c o r e v o l u m e . When addi t iona l r e a c t i v i t y was r e q u i r e d 
to c o m p e n s a t e for the r e a c t i v i t y change r e s u l t i n g f rom a m a t e r i a l s u b 
s t i tu t ion , add i t iona l s e e d e d d r a w e r s w e r e subs t i t u t ed for s t a n d a r d d r a w e r s . 
This w a s the s a m e p r o c e d u r e as w a s used in mak ing the r e a c t o r c r i t i c a l . 
An effort w a s m a d e to d i s t r i b u t e the addi t iona l fuel un i fo rmly . 

The r e f e r e n c e load ings for the four typ ica l c o r e d r a w e r s and the 
fine b lanke t d r a w e r a r e t hose g iven for the c l e a n - c o r e loading (see Tab le III 
and F i g s . 10 and 11). Subs t i tu t ions w e r e m a d e for m a t e r i a l s wi th in t h e s e 
d r a w e r s as we l l as in the p a r t i a l , c o n t r o l , and s e e d e d d r a w e r s , wi th no 
change in m a t e r i a l l oca t ion . E x c e p t i o n s to th i s o c c u r r e d in the U -̂*̂  and 
s o d i u m - s u b s t i t u t i o n e x p e r i m e n t s , in wh ich a l u m i n u m c o l u m n s w e r e m o v e d 
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to avoid placing two columns of U^̂ ^ adjacent to each other, or where 
double columns of aluminum were not present for sodium replacement. 
In these cases , a reference measurement was made for the revised load
ing before the substitutions were undertaken. 

1. Aluminum, Full-drawer Substitution 

Full-density aluminum pieces were substituted for all of the 
63% density aluminum in a given drawer. This substitution was repeated 
stepwise in other core drawers so that changes varied from -^ to -^ of the 
core. The manner of substitution is shown in Fig. 14, except that the 
— -core loading was accomplished by loading the drawers indicated for 
the - - loading in only one half of the assembly. The weight of aluminum 
substituted, the reactivity change, and the average and incremental worths 
of aluminum are presented in Table VII. The changes in the average vol
ume per cent of aluminum are also given. 

ALUMINUM DENSITY COEFFICIENT, FULL-DRAWER SUBSTITUTION 

Distributed Fraction of Core Drawers 

Core Composition (v/o): i / l 6 ' A ^/^ j A 

235 

, T 2 3 B 
U 
U' 
Al 
Stainless Steel 
Mo 
Zr 

6,09 
18.97 
25 
14 

5 
4 

20 
3 
7 

29 
3 

,91 
,32 
,03 
,32 

,05 
,8 
,3 

,75 

6 ,09 
18,97 

28 
14 
5 

4 

81 
12 
32 

123 
3 

,33 
,32 
,03 

,32 

,68 
,5 
,5 

,80 

6, 06 

19.00 

29.92 
14, 

5, 

4 

122 

19 
48 

,32 

03 
32 

,02 

,8 

186.8 
3 ,83 

6,06 

19 
31 
14 

5 
4 

164 

25 

65 

248 
3 

00 

54 
,32 

,03 

,32 

,45 
,3 

,2 
.80 

Number of drawers changed 
Reference AI added (w/o) 
Weight of AI added (kg) 
Reactivity change (Ih) 
Average worth of Al (Ih/kg) 
Incremental worth of Al 

(Ih/kg) 3.81 3.89 3.72 

Subsequent work on the depleted-uranium substitutions sug
gested the possibility that the aluminum worth per kilogram obtained by 
changing all the aluminum in one drawer would not correspond to the value 
obtained by varying the density of a single column in every drawer. This 
prompted the following part ial-drawer substitutions of aluminum in a 
modified clean-core loading. 

2. Aluminum, Par t ia l -drawer Substitution 

The modified clean core was a reloading of the clean core 
after completion of the engineering-core experiments. The four basic 
core drawer loadings were modified as shown in Table VIII, such that 
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three columns of 63%-density aluminum were bunched in each drawer with 
no change in drawer composition. The special drawers were similarly 
loaded. This allowed the subsequent substitution of a column of depleted 
uranium for aluminum with adequate separation from any other U^̂ ^ or 
depleted uranium in the drawer. The fine radial blanket drawers and the 
11-in. end-blanket drawers remained as loaded for the engineering-core 
mockup as described in a subsequent section. The 5 in. of end blanket 
immediately adjacent to the cylindrical ends of the core contained three 
1 X 1 X 5-in. pieces of U^̂ ^ and one 1 x 1 x 5-in. piece of 56% density 
aluminum with two pieces of -j- x 2 x 2-in. stainless steel and two pieces of 
•̂  X 2 X 2-in. 100% density aluminum extending from 5 to 6 in. behind the 
core-end blanket interface in each drawer. 

BASIC DRAWER lOAOiNG FOR MODIFIED CiEAN-CORE EXPERIIKNTS 

l f 8 - i n Columns, Left to Rigtit Across Drawer Face 

Drawer Column 
Master 

No. 

1 

1 

2 

2 

3 

3 

4 

4 

Assembly 

Clean Core 

Modified 
Clean Core 

Clean Core 

Modified 
Clean Core 

Clean Core 

Modified 
Clean Core 

Clean Core 

Modified 
Clean Core 

25 - Ll235. 

A 

63% 

63% 

63% 

63% 

63% 

63% 

63% 

63% 

enriched 
28 - Depleted uran 

B 

Zr 

Zr 

Zr 

Zr 

28 

28 

28 

28 

uran 

lum 

C 

63% 

63% 

28 

28 

25 

25 

Zr 

Zr 

ium 

D 

28 

28 

63% 

63% 

63% 

6 » 

63% 

6 » 

E 

SS 

SS 

28 

28 

28 

28 

63% 

6 » 

SS -
l « o -
Zr -

F 

45% 

45% 

25 

25 

Zr 

Zr 

28 

63% 

Stainless 
Molybdeni 

G 

63% 

63% 

63% 

63% 

45% 

45% 

63% 

28 

Steel 
jm 

Zirconium 

H 

28 

28 

45% 

45% 

SS 

SS 

SS 

SS 

1 

25 

25 

SS 

SS 

63% 

28 

45% 

45% 

45% 

63% 

J 

63% 

63% 

28 

28 

28 

Mo 

63% 

K 

63% 

6 » 

6 » 

63% 

Mo 

63% 

28 

63% 28 

- 45% density 

-63% density 

L 

Mo 

6 » 

6 » 

6 » 

63% 

6 » 

25 

25 

aluminum 
aluminum 

M 

63% 

Mo 

Mo 

63% 

63% 

63% 

63% 

63% 

N 

28 

63% 

63% 

Mo 

28 

28 

63% 

63% 

0 

63% 

28 

28 

28 

25 

25 

Mo 

Mo 

P 

63% 

63% 

63% 

63% 

63% 

63% 

28 

28 

Four basic aluminum density changes were conducted within 
the three bunched columns of aluminum in each drawer: 

a. One column of 45% density aluminum was substituted for 
one colunan of 63% density aluminum per drawer over a distributed half 
of the core and then over the remaining half to effect a full core change. 
This resulted in a change of the three-column bunch from 63%-637o-63% 
to 63%-45%-63% in each drawer. 

b. Two additional columns of 45% density aluminum were 
substituted for the two remaining 63% density columns per drawer over a 
distributed half of the core, thus producing a 45%-45%-45% array in half of 
the drawers with a 63%-45%-63% ar ray in the remaining half. 
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c. Three 100% density aluminum columns were substituted 
for three columns of 457o density aluminum per drawer over -̂  of the core 
and then over an additional j core to provide a j - c o r e substitution^with a 
three-column 100%-100%-1007o array. Of the remaining drawers , 7 of the 
core contained the three-column 45%-45%-45% bunched ar ray and i- of the 
core contained the three-column 63%-45%-63% ar ray . 

d. One column of 100% density aluminum was substituted for 
one column of 63% density aluminum over one-half of the core to produce 
a three-column 63%-100%-63% array in one-half of the core drawers with 
the three-column 63%-63%-63% density array in the remaining half. 

The results of the above substitutions a re shown in Table IX. 

Table IX 

ALUMINUM DENSITY COEFFICIENT, PARTIAL 
DRAWER SUBSTITUTION* 

(Ih/kg) 

Distributed fraction of core drawers I /8 l / 4 1/2 ^ 

(a) 1 column of 45% for 63% Al/drawer 4.50 4.43 
(b) 2 columns of 45% for 63% Al/drawer 4.3 9 
(c) 3 columns of 100% for 45%Al/drawer 4.18 4.18 
(d) 1 column of 100% for 63% Al/drawer 4.24 

*The aluminum density changes were all made within the three 
bunched columns of aluminum as shown in the initial drawer 
loadings (see Table VIII). 

3. Stainless Steel (Type 304), Molybdenum, Zirconium, and 
Oxygen (Al^Oj) 

Tests to determine average core worths were run for Type 304 
stainless steel, molybdenum, zirconium, and oxygen by substituting alumi
num for these materials over a distributed quarter of the core (38 drawers) 
Partial core-edge drawers and control drawers were not altered (see 
Fig. 14). 

Stainless steel and molybdenum worths were determined by 
substituting 100% density aluminum for these mater ia ls and noting the net 
reactivity change. By using the aluminum worth as determined from the 
preceding measurements by partial drawer substitution of the aluminum 
density, the worth of the material in question can be determined. In the 
case of zirconium, the 13 in. of material in each drawer were replaced by 
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an equal amount of 100% density aluminum. For the oxygen measurement , 
two 14-in. columns of 63% density aluminum and one 14-in. column of 
45% density aluminum were replaced by three 14-in. columns of aluminum 
oxide (AI2O3) to provide an oxygen addition with a negligible change in 
aluminum. 

Substitution of 45% density aluminum for stainless steel in a 
distributed -— of the fine blanket drawers resulted in a value of +1.035 Ih/kg 
for stainless steel in this region. The value of +2.53 Ih/kg of aluminum 
as shown in Table XIX was used to correct for the aluminum addition. 

An alternative technique for mate rial-substitution measure 
ments of mater ia ls other than aluminum and sodium has also been em
ployed on ZPR-III, but was not used in this ser ies of measurements . This 
involves coinpensating for the aluminum inserted in place of the sample 
mater ia l by reducing the density of the remaining aluminum columns in 
the drawer to produce a negligible net change in aluminum. This method 
eliminates the necessity for an aluminum reactivity correction and thus 
allows a direct determination of the sample material worth with respect 
to void. This technique was used, however, in a portion of the mater ia l -
substitution measurements with depleted uranium and is described in a 
subsequent section. 

The data resulting from the above measurements with stainless 
steel, molybdenum, zirconium and oxygen are presented in Table X. 

Core Composition 

1,235 
U238 

Al 

SS 

Mo 
Zr 

Percentage of material 

cfianged 

Weight of material 
changed Ikg) 

Weight of a luminum 
changed (kg) 

Reactivity l i h l : 
relative to reference 
of a luminum" 
of material 

Worth of material 

l lh lkg i 

38 Drawers 

25,73 
13,72 

4.17 

-17.7 

6.1 

6.3 
25.9 

-19.6 

1.10; 

WORTHS OF 

SS 

6,09 

18,97 

5,03 

4,32 

Table X 

VARIOUS CORE MATERIAiS FOR A DISTRIBUTED iOADING 

76 Drawers 

26,34 

13,13 

8.33 

-35.4 

12.1 

13.1 
51.3 

-38.2 

1.079 

38 Drawers 

25,73 

4,43 

11.91 

-23.0 

6.1 

sa9 
25.9 

25.0 

-1,087 

Mo 

6,09 
18.97 

14,32 

4,32 

76 Drawers 

26 34 

3,83 

23,82 

- « . l 

IZ l 

104.7 
51.3 
53.4 

-1,158 

Zr 

76 Drawers 

6,09 
18-97 
26,17 
14,32 
5,03 
3,29 

23,82 

-24.9 

10.5 

-16.8 

44.5 

-61.3 

2,462 

38 Drawers 

6,09 
18,97 
25,17 
14,32 
503 
4,32 

-
8,00 

,31 

83.1 
1.3 

81.8 

10,23 

"A luminum worth assumed to be +4.24 Ifi^kg. 
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Sodium 

1 

1 
Sodium in stainless steel cans of dimensions 8 x 2 x -^ in. 

in. was substituted for aluminum 7 X 2 X — in., 4 X 2 X - in., and 3 X 2 X — 
and stainless steel in the core and fine blanket. Since the sodium cans 
were - - i n thick, it was necessary to remove two columns of mater ia l for 
for ea'ch column of sodium inserted. Therefore, 63% density aluminum 
columns were bunched in pairs as a reference loading. The column order 
for these experiments is given in Table XI. 

DRAWER LOADINGS FOR SODIUM-SUBSTITUTION MEASUREMENTS 

1/8-in, Columns, Left to Right Across Drawer Face 

Drawer Column 

Master 
No, 

Core 

1 

1 

2 

2 

3 

3 

4 
4 

Core Edge 

5111 

5 

6"! 

6 

,121 

7 

8(21 

8 

Seed 

9 
9 

10 

10 

Fine Bianket'3' 

B-1 or B-2 

B-1 or B-2 

B-1 ' 

B-r 

Drawer 

Type 

Reference 

Test 

Reference 
Test 

Reference 

Test 

Reference 

Test 

Reference 

Test 

Reference 

Test 

Reference 
Test 

Reference 

Test 

Reference 
Test 

Reference 
Test 

Reference 
Test 

Reference 

Test 

63* 

63» 

28 

28 

63% 

63% 

28 
28 

28 

28 

28 
28 

63% 

63% 

Zr 

Zr 

28 

28 

28 
28 

la 

Na 

63% 

63% 

25 
25 

28 
28 

25 

25 

45% 

1 

45% 
45% 

63% 
Na 

Ni 
63% 

i 

63% 
63% 

28 

28 

28 

28 

Zr 
Zr 

28 
28 

631 

Zr 
Zr 

63% 

45% 

4a 

28 
28 

28 
28 

28 
28 

28 
28 

45% 

45% 

45% 

0 

28 
28 

Zr 
Zr 

63% 
Na 

63% 
Na 

631 

Na 

28 ( 

28 1 

28 
28 

Zr 
Zr 

Zr 
Zr 

25 

25 

45% 
Na 

28 

28 

E 

SS 
Na 

28 

28 

28 
28 

63% 

28 
28 

' 1/2 45%\ 
, 1/2 Mo 1 

n / 2 45%\ 
i 1/2 M o / 

63% 
631 

28 

28 

28 
28 

63% 
Na 

28 
28 

28 
28 

F 

45% 

25 

25 

Zr 

Zr 

28 

28 

Mo 

Mo 

28 

28 

28 
28 

25 
25 

25 
25 

63% 

28 
28 

45% 

G 

63% 

63% 

63% 
63% 

45% 

63% 

45% 

28 

28 

63% 

63% 
63% 

631 

63% 

SS 
SS 

SS 
Na 

Na 

Na 

Na 

Na 

Na 

Na 

H 

28 

28 

45% 

SS 

SS 

SS 

SS 

SS 

SS 

45% 

SS 

SS 

SS 

SS 

SS 
SS 

1 

25 
25 

SS 

Na 

28 

28 

45% 

SS 
SS 

28 

28 

45% 

SS 
Na 

45% 

45% 

J K L 

637» 63% Mo 

Na Mo 

28 
28 

Mo 
Mo 

63% 
Na 

28 
28 

Mo 

Mo 

63% 
Na 

28 
28 

63% 
Na 

63% 
Na 

63% 63il 
Na 

63% 63% 
Na 

28 25 
28 25 

28 28 

28 28 

63% 63% 

Na 

28 25 
28 25 

63% 63% 
Na 

63% 28 
63% 28 

28 25 
28 25 

Unchanged, see Fig, 

M 

63?. 

63% 

IVlo 

Mo 

28 

28 

63% 

45% 

28 

28 

63% 

28 
28 

25 
25 

63% 

U 

N 

28 

28 

28 
28 

25 
25 

63% 
Na 

45% 

Na 

25 

25 

63% 
Na 

28 
28 

63% 

63% 
Na 

0 P 

63% 63% 
Na 

63% 63% 
Na 

63% 63% 
Na 

m 28 
Mo 28 

28 28 

28 28 

63% 63% 

Na 

Mo 28 

Mo 28 

45% 28 

45% 28 

63% Mo 
Na Mo 

Mo 28 
Mo 28 

'^'Half of drawer is core and tialf is blanket 
*2'3/4 of drawer is core and 1/4 is f ine blanket (not cfiangedl 
'31l/2 of tfie B-1 drawers were loaded as B - l ' to compensate 

for SS in Na cans 

CODE: 25 U^^^-Enricfied Uranium 

28 Depleted Uranium 
Zr Zirconium 

Mo Molybdenum 

SS Stainless Steel 
% Per cent Density Al 
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Two cans of sodium (one 7-in. and one 8-in.) replaced the 
15-in. aluminum and stainless steel columns, as indicated, in the core 
drawers . Three cans (one 3-in., one 7-in., and one 8-in.; or one 4-in. and 
two 7-in.) replaced the 45% density aluminum and stainless steel columns 
indicated in the fine blanket drawers , i.e., 15 in. in the core and 18 in. in 
the fine blanket drawers . The void end of each can was placed toward 
the reactor interface. The smaller cans in each case were placed in the 
front of the drawer, nearest the core interface. This was done on the 
assumption that the worth of sodium is less near the core center, thereby 
minimizing the heterogeneity effect introduced by the small void region 
in each can. 

Table XII presents the data relating to the sodium worth ex
periments . The core data were obtained with no sodium in the fine blanket. 
The fine blanket data were obtained with a - -d is t r ibuted sodium loading in 
the core. The density coefficient of reactivity for aluminum utilized in 

DISTRIBUTED WORTH OF SODIUM IN THE CORE AND FINE BLANKET 

Composition 

U"= 
U"» 
Al 
SS 

M o 

Zr 
Na 

Number of drawers clianged 

Weight of Na added (kg) 

Weight of Al added (kg) 

Weight of SS added (kg) 

Reactivity (Ih); 
relative to reference 

, ( 3 ) 
of Al 
of SS 
of Na 

(3) 

Worth of Na (Ih/kg) 

Incremental Worth of Na 
(Ih/kg) 

1/8 (1) 1/4 (1) 1/2 (1) 5 / ' ,(1) 
3 / 4 ' 

(1) 

6 . 9 5 

U) 

6 .09 
18 .97 

a z . 5 4 

14 .60 

5 .03 

4 . 3 2 

3 . 9 4 

40 

14.5 

- 2 6 . 6 

8 .2 

12 .4 

- 1 0 1 . 0 

8 .8 

104 .6 

7 . 2 1 

6 .09 
18 .97 

19 .88 

14 .89 
5.03 

4 . 3 2 

7 .96 

81 

2 9 . 2 

- 5 3 . 7 

16.9 

20 .7 

- 2 0 4 . 2 

18.2 

2 0 6 . 7 

7 .08 

6 .09 
18 .97 

14 .66 

15 .49 
5.03 

4 . 3 2 

15 .82 

181 

58 .0 

- 1 0 6 . 0 

35 .6 

30 .0 

- 4 0 6 . 5 

3 8 . 4 

3 9 8 . 1 

6 .86 

6 .09 

18 .97 

12 .06 

15 .76 
5 .03 

4 . 3 2 

19 .76 

2 0 4 

72 .5 

- 1 3 3 . 6 

4 3 . 8 

2 6 . 1 

- 5 0 7 . 5 

47 .3 

4 8 6 . 3 

6 . 7 1 

6 .09 
18 .97 

9 .47 

15 .88 
5 .03 

4 . 3 2 

2 3 . 6 9 

241 

8 6 . 8 

- 1 5 9 . 9 

47 .3 

17 .6 

- 6 0 7 . 7 

5 1 . 0 

5 7 4 . 3 

6 .62 

O.IO 

4 5 . 3 9 
6 . 3 8 

1 9 . 4 6 

2 . 4 6 

-
8 . 1 2 

142 

15 .7 

- 2 0 . 2 

1.14 

- 1 . 2 

- 5 6 . 3 

- 1 . 2 

56 .3 

3 .59 

(2) 

Four columns of Na substituted for 6 columns of 63% Al, 1 column of 45% Al and 
1 column of SS in the core. 

Four columns of Na substituted for 7 columns of 45% Al and 1 column of SS in the 
fine blanket. 

(3) The worths of Al and SS used here: 
Al (core) 3.80 Ih/kg; Al (F.B.) 2.53 Ih/kg 
SS (core) 1.079 Ih/kg; SS (F.B.) 1.035 Ih/kg 
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Table XII to correct for the aluminum removed is the value obtained from 
the full drawer substitutions (see Table VII). The full-drawer resul ts 
were thought to resemble more nearly the situation that is produced when 
the majority of the available aluminum is removed and replaced by an 
equivalent amount of sodium. A precise substitution of sodium for alu
minum would have resulted in no reactivity change. The small positive 
reactivity changes are assumed to have resulted from the uncompensated 
addition of sodium and stainless steel. 

The limited inventory of sodium res t r i c ted these measurements 
to a total insertion of approximately 90 kg sodiunn, or 25 v/o of the core at 
room temperature. The maximum amount of sodium that could be loaded 
into the clean core assembly with all the available aluminum removed was 
32.5 v/o, whereas the sodium in the Enrico Fe rmi reactor core is , 
50.99 v/o with the control rod channels averaged over the entire core, 
or 47.2 v/o in the fuel region only. 

The total sodium content of the F e r m i core is approximately 
184 kg at 20°C (density 0.97 g/cm^) decreasing to 166 kg at 300°C (density 
0.87 g/cm^). By linear extrapolation of the sodium-substitution data, the 
average sodium worth is estimated to be 6.1 Ih/kg at 300°C, decreasing to 
5.9 Ih/kg at 20''C. 

By comparing the sodium worth of 5.9 Ih/kg and the minimum 
perturbation aluminum worth of 4.3 Ih/kg, one obtains an average core 
reactivity equivalence between equal volumes of sodium and 49.3% density 
aluminum. Since there is approximately 11 v/o void in the ZPR-III a s sem
bly in drawer clearances, etc. , which is unavailable for loading, this cor
responds to the use of an average aluminum density of 63%. 

Utilizing the full-drawer aluminum substitution value of 3.8 Ih/kg 
the equivalent aluminum density becomes 55.8%, corresponding to the use in 
ZPR-III of aluminum having an average density of 71%. This was approxi
mated in the engineering-core loading by a combination of 63% and 100% 
density aluminum to provide an average aluminum density of 73% as noted 
in the subsequent engineering core description. 

5. Depleted Uranium 

Two separate ser ies of substitutions were undertaken to deter
mine the average worth of depleted uranium in the clean-core assembly. 
Columns of depleted uranium were both added and removed in various d is 
tributed fractions over the core. Also, the effect of actual placement of 
material within a drawer was investigated. The total amount of the U"^ 
isotope in the reference core loading for these measurements was 1362.4 kg. 
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It should be no ted tha t a l l of t h e s e s u b s t i t u t i o n s involved the 
i m e a s u r e m e n t of the w o r t h of dep l e t ed u r a n i u m . No c o r r e c t i o n h a s been 
m a d e for the con t a ined U^-'^. The a m o u n t of the U"^ i so tope in the d e p l e t e d 
u r a n i u m u s e d in t h e s e t e s t s is a p p r o x i m a t e l y one p a r t in 500, whi le the d i s 
t r i b u t e d w o r t h of U^^' in the c l e an c o r e is 51.6 I h / k g . T h e r e f o r e , the r e 
ac t i v i t y effect of the con t a ined U^^s jg +0.10 Ih for e a c h d i s t r i b u t e d k i l o g r a m 
of d e p l e t e d u r a n i u m . 

a. In i t ia l C l e a n - c o r e A s s e m b l y 

In r e m o v i n g dep l e t ed u r a n i u m for th i s s e t of m e a s u r e m e n t s , 
the g e n e r a l p r o c e d u r e w a s to r e p l a c e a c o l u m n of dep l e t ed u r a n i u m wi th a 
c o l u m n of 100% dens i t y a l u m i n u m . Deple ted u r a n i u m w a s added by r e m o v 
ing a c o l u m n of 63% dens i t y a l u m i n u m . In a l l c a s e s , the r e l o c a t i o n of o t h e r 
m a t e r i a l s wi th in a d r a w e r was kept to a m i n i m u m . The loca t i ons for the 
add i t ion and r e m o v a l of dep l e t ed u r a n i u m w e r e c h o s e n on the b a s i s of 
m a x i m u m p h y s i c a l s e p a r a t i o n f r o m o t h e r c o l u m n s of e n r i c h e d o r dep l e t ed 
u r a n i u m . T a b l e XIII g ives the s a m p l e c o l u m n loca t ions for e a c h d r a w e r 
type . The r e f e r e n c e load ings for t h e s e d r a w e r types a r e g iven T a b l e III. 

Tab le XIII 

ADDED AND REMOVED COLUMNS OF D E P L E T E D URANIUM 
( L e t t e r s ind ica ted co lumn iden t i f i ca t ion , see Tab le III) 

D r a w e r Loading No. Added Removed Added U r a n i u m ' ' ' 
(See Tab le III) U r a n i u m ' ' ' U r a n i u m ' ^ ) Adjacent to 25 

1 P D J 
2 M^^' C G 
3 L J P 
4 1(3) F M 
5 Not changed Not changed Not changed 
6 L J Not changed 
7 1(3) F Not changed 
8 A Not changed Not changed 
9 P C G 
10 G P M 

' ' ^ R e m o v e d one 15 - in . c o l u m n of 63% dens i t y Al . 

(2)Added one 15- in . c o l u m n of 100% dens i t y Al . 

(^ )Or ig ina l m a t e r i a l at t h i s pos i t ion exchanged with ad jacen t c o l u m n 
of 63% d e n s i t y Al to enab le U-for-637o Al s u b s t i t i t i o n s . 
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The first ser ies of substitutions consisted of four indepen
dent measurements in the same distributed eighth of the core, each with 
respect to the reference loading; 

Test 4) removal of a column of depleted uranium at a 
position remote from a U^̂ ^ column; 

Test 5) addition of a column of depleted uranium at a 
position remote from a U '̂̂  column; 

Test 8) addition of a column of depleted uranium adjacent 
to a Û ^̂  column; and 

Test 9) a combination of 5) and 8). 

A second series was undertaken to increase the observed 
reactivity effect by the removal of a column of depleted uraniunn over a 
distributed - of the core. Test 3, and the addition of a column of depleted 

1 1 uranium over a distributed — and — of the core, Tests 6 and 7, respectively. 
The results of this and the preceding ser ies are combined in Table XIV, 
Test Nos. 3-9, which also includes data on the composition, mater ia l change, 
reactivity change, and the resulting calculated worth of depleted uranium. 

DISTRIBUTED WORTH OF DEPLETED URANIUM CONTAINING (-0,?% U^35| ||g j ^E CLEAN CORE 

Composition 
(VolumelW 

U"5 
UZ38 

Al 
SS 
Mo 
Zr 

Number ot drawers ( 

%of Material added 

Ref. 

6.09 
18.97 
25.1'! 
14,32 
5,03 
4.32 

: flanged 

WI ol depleted U added (kgl 

Wtof Aladded(kgl 

Reactivity (IH); 
relative to ref. 
of A l l " 
of depleted U 

Worltiot depleted U(ih/kgl 

-1/2 

6.09 
16,64 
25.29 
14-32 
5.03 
4.32 

158 

-12.88 

-175.25 

1-46 

14.2 
6.2 
8.0 

-0.046 

•1/4 

6.09 
17.74 
25.21 
14.32 
5.03 
4.32 

80 

-6,34 

-S8.75 

0,74 

8.5 
3.1 
5.4 

-0.061 

-1/4 

6.09 
17.77 
26.36 
14,32 
5.03 
4.32 

78 

-6,34 

-86.283 

12.433 

62,4 
52.7 
9,7 

-0.112 

" - •• -

-1/8 

6-09 
18.43 
25.73 
14.32 
5.03 
4.32 

38 

-3.09 

-42.036 

6.058 

34,1 
25.7 
8,4 

-0.200 

+ 1/8 

6,09 
19.51 
24.76 
14.32 
5.03 
4.32 

38 

3,09 

42.036 

-3.857 

-304 
-17.1 
-13.3 

-0.316 

+1/4 

6.09 
20.17 
24.36 
14,32 
5.03 
4,32 

78 

6.34 

86.304 

-7.917 

-59,8 
-35.1 
-24.7 

-0.286 

+ 1/2 

6.09 
21.37 
23.60 
14,32 
5,03 
4.32 

155 

12.63 

171.806 

-15.733 

-117.6 
-69-7 
-47.9 

-0.279 

+ 1/8'1> 

6.09 
19.51 
24.76 
14.32 
5.03 
d.32 

38 

3.09 

42.036 

-3.857 

-20.0 
-17.1 
-2.9 

-0.069 

(+l/4)'2' 

6.09 
20.17 
24.36 
14.32 
5.03 
4.32 

38 

6.18 

84.072 

-7.714 

-52.2 
-34.2 
-18.0 

-0.214 

'^'Column ol depleted adjacent to U^5 
'2' Combination ol Runs No. 5 and No. 8 

Worlfi ol Al taken as +4.43 Ifi / kg when tfie Al density decreases and 
+4.24 I f i / kg wfien Ifie Al density increases. 

From Table XIV, it can be noted that, in the above runs 
the aluminum worth represents from j to | of the total reactivity change. 
A third series was then arranged to reduce the aluminum correction by 
replacing a column of depleted uranium and two columns of 63% density 
aluminum with 3 columns of 45% density aluminum in a distributed \ and 
, of the drawer. These data also appear in Table XIV for Tests No. 1 
and No. 2. The aluminum worths used in Table XIV to determine the de
pleted uranium worth are the values resulting from the par t ia l -drawer 
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aluminum substitutions as described in Section V,E,2. These values more 
nearly represent the local changes of aluminum density resulting from 
the addition or removal of a single column of aluminum per drawer. 

b. Modified Clean-core Assembly 

The modified clean-core assembly as described in Sec
tion V,E,2, was utilized to conduct a ser ies of depleted uranium substitu
tions in which the average reactivity coefficient for depleted uranium upon 
addition or removal from the core could be determined as a function of the 
local aluminum density. The neighboring aluminum columns were ad
justed in each loading to minimize the net variation in aluminum and the 
consequent aluminum correction. Although not in precise agreement with 
the preceding depleted uranium substitutions, these results show com
parable t rends. 

Two experiments were run in which the depleted uranium 
density in the core was decreased, each with a different amount of alu
minum present. One other experinnent was run in which the depleted 
uraniuim density was increased. The drawer changes for each experiment 
are given in Table XV and summarized below. 

BASIC DRAWER LOADINGS, MODIFIED CLEAN CORE, DEPLETED URANIUM SUBSTITUTIONS 

1/8- in, Columns, Left lo Right Across Drawer Face 

Drawer Column 

Experiment N 

1 

2 

3 

Code: 25 

28 
Zr 
Mo 
SS 

% 

Drawer 
Master No, 

1 Reference 

ITesI 

2 Reference 
2 Test 

3 Reference 

3 Test 

4 Reference 

4 Test 

1 Reference 

ITesl 

2 Reference 
2 Test 

3 Reference 

3 Test 

4 Reference 

4 Test 

1 Reference 

ITest 

2 Reference 

2 Test 

3 Reference 

3 Test 

4 Reference 
4 Test 

U^^-enriched U 

Depleted Uranium 
Zirconium 
Molybdenum 

Stainless Steel 
Per Cent Density 

A 

63* 

63» 

63% 
63% 

63% 
63% 

63» 
63% 

63% 
63% 

63% 
63% 

63% 
63% 

63% 
63% 

63% 
63% 

63% 
63% 

63% 
63% 

63% 
63% 

anium 

Al 

B 

Zr 

Zr 

Zr 
Zr 

28 
28 

28 
28 

Zr 
Zr 

Zr 
Zr 

28 
28 

28 
28 

Zr 
Zr 

Zr 
Zr 

28 
28 

28 
28 

C 

63% 

63% 

28 
28 

25 
25 

Zr 
Zr 

63% 
63% 

28 
28 

25 
25 

Zr 
Zr 

63% 
63% 

28 
28 

25 
25 

Zr 
Zr 

D 

28 

28 

63% 
63% 

63% 
63% 

63% 
45% 

28 
28 

63% 
63% 

63% 
63% 

100% 
100% 

28 
28 

63% 
63% 

63% 
63% 

63% 
28 

E 

SS 

SS 

28 
28 

28 
28 

63% 
45% 

SS 
SS 

28 
28 

28 
28 

100% 
100% 

SS 
SS 

28 
28 

28 
28 

45% 
100% 

F 

45% 
45% 

25 
25 

Zr 
Zr 

63% 
63% 

45% 
45% 

25 
25 

Zr 
Zr 

100% 
63% 

45% 
45% 

25 
25 

Zr 
Zr 

63% 
63% 

G 

63% 

63% 

63% 
63% 

45% 
45% 

28 
45% 

63% 
63% 

63% 
63% 

45% 
45% 

28 
45% 

63% 
63% 

63% 
63% 

45% 
45% 

28 
28 

H 

28 

28 

45% 
45% 

SS 
SS 

SS 
SS 

28 
28 

45% 
45% 

SS 
SS 

SS 
SS 

28 
28 

45% 
45% 

SS 
SS 

SS 
SS 

1 

25 

25 

SS 
SS 

28 
45% 

45% 
45% 

25 
25 

SS 
SS 

28 
45% 

45% 
45% 

25 
25 

SS 
SS 

28 
28 

45% 
45% 

1 

63% 

45% 

28 
45% 

Mo 
m 
63% 
63% 

100% 
100% 

28 
45% 

Mo 
Mo 

63% 
63% 

63% 
63% 

28 
28 

Mo 
Mo 

63% 
63% 

K 

63% 

45% 

63% 
63% 

63% 
63% 

28 
28 

100% 
100% 

100% 
63% 

100% 

63% 

28 
28 

45% 
100% 

63% 
63% 

63% 
28 

28 
28 

L 

63% 

63% 

63% 
45% 

63% 
45% 

25 
25 

100% 
63% 

100% 
100% 

100% 

100% 

25 
25 

63% 
28 

45% 
100% 

45% 
100% 

25 
25 

M 

Mo 

Mo 

63% 
45% 

63% 
45% 

63% 
63% 

Mo 
Mo 

100% 
100% 

100% 
100% 

63% 
63% 

Mo 
Mo 

63% 
28 

63% 
63% 

63% 
63% 

N 

63% 

63% 

Mo 
Mo 

28 
28 

63% 
63% 

63% 
63% 

Mo 
Mo 

28 
28 

63% 
63% 

63% 
63% 

nu 
Mo 

28 
28 

63% 
63% 

0 

28 
45% 

28 
28 

25 
25 

Mo 
Mo 

28 
45% 

28 
28 

25 
25 

Mo 
Mo 

28 
28 

28 
28 

25 
25 

Mo 
Mo 

P 

63% 
63% 

63% 
63% 

63% 
63% 

28 
28 

63% 
63% 

63% 
63% 

63% 
63% 

28 
28 

63% 
63% 

63% 
63% 

63% 
63% 

28 
28 
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Experiment No. Columns Removed 

1 - U"« 
2 - 63% Al 

1 - U " ' 
1 - 100% Al 

1 - 63% AI 
1 - 45% Al 

Columns Added 

3 - 45% AI 

1 - 63% Al 
1 - 45% AI 

1 - U"^ 
1 - 100% Al 

Table XVI. 

The results of the three experiments are given in 

DISTRIBUTED WORTH OF DEPLETED URANIUM IN THE CLEAN CORE 

Composition 

1,235 

U238 

Al 

SS 
Mo 
Zr 

Number of drawers changed 
Wt of depleted U added (kg) 
Wt ol Al added (kg) 
Reactivity ( Ih); 

relative to reference 
of A l -

of depleted U 
Worth of depleted U (Ih/kgl 
Incremental worth of depleted U -0,057 -t 

•Worth of Al taken as 4.43 Ih/kg when Al is removed and 4.24 Ih/kg when Al is added. 

"Test A was done with a distributed quarter of the core. Test B with a distributed half of the core. 

Ref. 

6.08 
18,88 

24,63 
14,32 

5,03 
4,32 

Experiment No, ] 

A " 

6,08 
17,58 
24,75 
14.32 
5,03 

4,32 
81 

-89,60 
0.89 

11.85 
3.77 
8,08 

-0,090 

B" 

6.08 
16,33 
24,80 
14,32 

5.03 
4,32 

162 
-179,20 

1.78 

20,70 

7,55 
13,15 
-0073 

Ref, 

6,05 
18.85 
27.42 

14.32 
5,03 
4.32 

Experiment No, ', 

A" 

6.05 
17.62 

27.53 
14.32 

5.03 
4.32 

81 
-89.60 

1,03 

26,65 
4,36 

22,29 
•0,249 

J 

B" 

6,05 

16.37 
27.63 

14,32 
5,03 

4.32 

162 
-179.20 

2.06 

50,95 
8.73 

42,22 
-0,236 

Ref, 

6,10 

18,80 
24.18 

14.32 
5,03 

4,32 

Experiment fyo. 

A " 

6.10 
20.03 
24.06 

14.32 

5.03 
4,32 

81 
89,66 

-1.03 

-32.50 
-4.56 

-27.94 
-0,312 

3 

B" 

6,10 

21,28 
23,98 

14,32 

5.03 
4.32 

162 
179.32 

-2.03 

-69.10 

-9.00 
-60.10 
-0.335 

Stainless Steel for Depleted Uranium 

A direct substitution of stainless steel for depleted uranium 
was made in a distributed j and - of the core during the initial clean core 
experiments. In drawers loaded as type 1 and 2 (see Table III), a direct 
substitution of two columns of stainless steel for two columns of depleted 
uranium was affected; in drawers of type 3 and 4, two columns of stainless 
steel were substituted for two columns of depleted uranium with an ac
companying shift of one column of aluminum by one position; in drawers 
of types 9 and 10 (seeded drawers), only one column of depleted uranium 
was replaced by stainless steel. The drawer types were arranged for these 
measurements as shown in Fig. 10. In all cases , no depleted uranium was 
reinoved if adjacent to enriched uranium. The results of the substitution 
are given in Table XVII. 



Table XVII 

RELATIVE WORTH OF DEPLETED URANIUM VS. 
STAINLESS STEEL DISTRIBUTED IN CLEAN CORE 
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^ of Core* 

Additional 
i of Core* 

Total i Core* 

Drawer 
Loading 

Type 

1 
2 

3 
4 

9 
10 

1 
2 
3 
4 
9 

10 

No. of 
Drawers 

11 
9 
7 

10 
1 
0 

11 
8 
7 
8 
1 
2 

No. of 
Columns 

22 
18 
14 
20 

1 
0 

75 

22 
16 
14 
16 

1 
2 

71 

146 

Wt of Depleted 
(kg) 

-83.0 

-78.6 

-161.6 

Wt of SS 
(kg) 

35.1 

33.2 

68.3 

Reactivity 
(Ih) 

58.8 

58.1 

116.9 

*Distributed fraction of the core as shown in Fig. 14. 

Mid-radius Annular Ring in Core. An annular ring of 28 core 
drawers in each half located at an average radius of 11.2 in. was utilized 

for a ser ies of substitution 
Symbols 

Unchanged — 
Control Rod 
BF3 Counter — 
Annular Test -

1 E 3 4 i ( T 1 9 m II i ; 11 It l i 

-• IT ^ " X :«rs 

-1 - 0 
fJledlur 

_ -ry-j ' 1 
1 

-r L | — T ^ 
ir°: 

r- "°° ?f* 0 

H-t^-+--M 
J 0 ' 1 1 0 X 1 

i?I L 
1 0 0 

I . M 

a 
s 1 

E I 

: IT 
1 
B ai ke 

_ ! ^L-!Marik(4 

!_;;'.; T I J ^ T T — , • -
ET 1 1 
T 1 i ,1 J_ 

f^^i-t i • ^ n n^^°4^ T L=̂  1 ^ . =. 
i!t^=r?-H 
4-L A-° 
tT35 -4-

1 1°, 1 c o o 1 : 

—p-4—1 

1 
1 
' 

ASSEMBLE NO 

Fig. 15. Material-substitution Test Regions, 
Interface View of Clean Core. 

measurements . These draw
ers are identified in Fig. 15 
by the small c i rc les . The 
substitutions were made in 
the front 5 in. of the drawer 
in each half of the asseinbly, 
thus producing an annular 
test region in the core, ap-
proxiimately 2 in. thick and 
10 in. high, centered about 
the midplane of the core at 
an average radius of 11.2 in. 
A second column of stainless 
steel was inserted in each of 
the 56 test drawers , replac
ing a coluinn of 45% density 
aluminum. This was used as 
the reference loading to allow 
a larger variation in the stain
less steel than would have 
been available with the single 
column of steel per drawer. 
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388 

100% Al for 
63% Al 

-13 .12 

20.61 

35.0 
0 

35.0 

112 

4 5% Al for SS 

- 1 7 . 4 2 

2 .64 

- 2 . 8 
12.32 

- 1 5 . 1 

56 

4 5% Al for 

- 1 1 . 7 2 

1.32 

23 .1 
6.16 

16.9 

Mo 45% 

56 

Al for Z r 

- 7 . 0 7 

1.32 

- 1 2 . 7 
6.16 

- 1 8 . 9 

An average of 7 columns of 100% density aluminum were substituted 
for a like number of columns of 63% density aluminum in the front 5 in. of 
each test drawer to obtain the aluminum worth. Stainless steel, molybdenum, 
and zirconium were each replaced by 45% density aluminum. For each 
substitution, the remaining mater ia ls in the drawer were those of the ref
erence loading. Table XVIII gives the results of these tes ts . 

T a b l e XVll I 

WORTHS OF VARIOUS C O R E M A T E R I A L S IN A N N U L A R RING AT 1 1 . 2 - I N . RADIUS 

Al SS Mo Z r 

N u m b e r of 5- in . C o l u m n s 
Changed 

M a t e r i a l change 

Weight of m a t e r i a l (kg) 

Weight of a l u m i n u m (kg) 

R e a c t i v i t y (Ih): 
r e l a t i v e to r e f e r e n c e 
of a l u m i n u m 
of m a t e r i a l 

Worth of m a t e r i a l ( Ih/kg) 4.67 0 .867 - 1 . 4 4 2 .67 

Radial Dependence of Aluminum Worth in Core and Fine Blanket. 
At the conclusion of the full-drawer aluminum-substitution measurements 
as described in Section V,E,1, half of the core drawers contained 100% den
sity aluminum with the reference combination of 63 and 45% density alu
minum in the remaining half of the core. With this loading as a new 
reference, the core was divided into four radial regions (see Fig. 15), 
and measurements of the aluiminum worth were made as a function of 
radial position by substituting 45% density aluminum for the 100% density 
aluminum. 

During this series of measurements , the reactivity lost by remov
ing aluminum was compensated by the addition of seeded drawers and by 
substitution of 100% density aluminum for the 45% density aluminum in the 
fine blanket. This provided a measurement of the aluminum worth as well 
as the necessary compensating reactivity. However, this procedure may 
have introduced an additional effect that modified the experimental values 
for aluminum worth in the core, as evidenced by the higher average core 
worth obtained in these measurements compared with the value obtained 
from the full-drawer aluminum-substitution measurements described in 
Section V,E,I. The results of these substitutions are given in Table XIX. 
Since region IV involved a large net reactivity change, this substitution was 
done in two steps, first Half No. 2 and then Half No. 1; then the average 
value obtained. 
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Table XIX 

ALUMINUM DENSITY COEFFICIENT AS FUNCTION OF RADIUS 

Core (2) 

Region(l) 

Average radius {in.): 

Inner-Outer (in.) 

Number of d rawers 
changed 

Weight of Al added (kg) 

Reactivity change (ih) 

Worth of Al (Ih/kg) 

Average worth of Al 
(m/kg) 

I 

3.90 

1 .23-5.64 

20 

-12.6 

-22.2 

1.76 

II 

8.19 

5.64-10.22 

49 

-30.2 

-94.9 

3.15 

4. 

I l l 

1 1 .72 

10.22-13.07 

43 

-26.5 

-125.6 

4.75 

.00 

IV 

14.50 

13.07-15. 

52 

-31.1 

-157.4 

5.07 

63 

Fine(3) 
Blanket 

17.83 

15.63-18.77 

71 71 

33.0 33.0 

80.5 86.9 

2.43 2.63 

2.53 

See Fig. 15 for location of regions . 
(2)45% AI was substituted for 100% Al in the co re . 
(3)100% Al was substituted for 45% Al in the fine blanket. 

F. Inhomogeneity Effects 

The use of ^- in . - thick coluimns of highly enriched and depleted 
uranium in ZPR-III represents an inherent limitation of this facility in 
simulating a large, homogeneous, low-enrichment core. Therefore, 
limited quantities of partially enriched uranium (31.3% U^̂ )̂ in the form 
of - - in . - th ick plates and highly enriched uranium (93.2% U^ '̂) in the form 
of -^-in.-thick plates were obtained to determine the reactivity effects 
introduced by the use of relatively thick pieces of highly enriched and 
depleted uranium. 

Two ser ies of experiments were conducted to define these effects. 
The first se r ies involved establishing a reference with a uniform drawer 
loading. In this loading, two adjacent j^"in. columns of U^̂ ^ replaced the 
— -in. column of U^^ .̂ Subsequent measurements were then made with 
the 77 "in. columns separated and bunched (j^-in.) with no net change in 
core mater ia l s . The data obtained allowed extrapolation to zero thickness 
U^^ ,̂ which then represents a completely homogeneous system. 

The second ser ies provided for the direct substitution of three ad
jacent columns of 31.3% enriched U '̂'̂  for a three-column sandwich of 
- - i n . columns, formed by two limiting columns of U '̂'̂  and one center 
column of U . A uniform drawer loading was also used in the test region 
for this se r i e s . The 31.3% enrichment was chosen to duplicate precisely 
the average enrichment of the combination of the two columns of depleted 
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uranium and one column of enriched uranium. A subsequent measurement 
was also made with the three columns of 31.3% enriched mater ia l sepa
rated or "unbunched." A comparison between the "bunched" U^^*, U^", 
U^'* and the "bunched" 31.3% enriched uranium provides the necessary 
correction to compensate for the use of highly enriched mater ia l . 

Detailed Û ^̂  and U^̂ ^ fission foil t r ave r ses were conducted over a 
region of minimum flux gradient during each of the above ser ies of meas 
urements to determine the fine structure of the fission distribution in the 
region of the uranium columns. Special - " in . plates of U^̂ ^ with provisions 
for the insertion of foils enabled foil t r averses to be made within a plate 
as well as between plates. 

Enrichment and Bunching Effects. A wedge-shaped portion of the 
core extending along the full axial length of the core was loaded with a 
uniform drawer loading as a reference. This region, containing 32 drawers 
in each half, is shown in Fig. 16. The drawers around the periphery of the 
test region were loaded with the uniform reference dra'wer loading over 
the full length of the core region and were not changed during the test 
measurements. These "buffer" drawers were utilized to minimize un
desirable reactivity changes due to the interaction of core mater ia l in the 
bunched drawers with the remainder of the clean-core loading. 

Half No. 
Both 

H 

1 

J 

K 

i 

M 

N 

0 

P 

0 

R 

S 

T 

U 

V 

w 
X 

8 9 10 11 12 

1 

1 

13 U 15 16 

;ore 

17 18 19 

Te! 

R« 

20 

1 

t 

ion 

1 

21 ?7 

111 

21 

:'.v 
•.•^, 

111 

74 

Assembly No. 
20 

Loading No. 

138 

i Buffer Region 

Fig. 16. Test Region for hihomogeneity Effects 

(1) indicates test drawers in Half No. 1 
only. Buffer drawers in this position in 
Half No. 2. 
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The uniform reference drawer loading is shown in cross section 
as configuration A in Fig. 17. The requirement of loading the buffer and 
test regions with a uniform drawer configuration resulted in a somewhat 
lower uranium density in this region than in the remainder of the core. 
Table XX is a comparison of the v/o composition of the test region with 
the connposition of the remaining core drawers . 

Series 1 

Series 2 n 
±m 

Zr • A | ( 6 3 % I (11 Moved 6.19% of U " ^ in Core. 

• Al I45%l 

Mo ^M{m%) (2) Moved5.99%of U 3̂5 in Qjrg 

^UI93.2%235) SU(31.3%235) 

^U(~0.2%235) [[x]SS(304l 

Fig. 17. Drawer Loadings for Inhomogeneity Experiments 

Table XX 

COMPARISON OF MATERIALS IN TEST REGION AND REMAINDER 
OF CLEAN CORE FOR INHOMOGENEITY EXPERIMENTS 

M a t e r i a l 

U235 

u"» 
A l u m i n u m 
S t a i n l e s s S tee l 
Molybdenum 
Z i r c o n i u m 

C o m p o s i t i o n of 
T e St Region 

(v /o) 

4.70 
15.19 
31.30 
14.32 

5.03 
4.32 

C o m p o s i t i o n of 
R e m a i n d e r of 

C lean C o r e 
(v /o) 

6.09 
18.97 
25.14 
14.32 

5.03 
4.32 
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The various loadings are enumerated and the resulting test data 
given in Table XXI. The radial movement of Û ^̂  in the transit ion from 
configuration Ato configuration B (see Fig. 17) in one half was compen
sated by the opposite displacement of the U '̂̂  in the opposing half. This 
is a consequence of the use of the same drawer loading in both halves 
rather than having the drawers in one half the mi r ro r image of the draw
ers in the opposing half. Configuration C, however, involved the shifting 
of the - -in. columns of Û ^̂  to neighboring drawers . The pattern utilized 
was chosen to minimize the reactivity effect of the net radial movement of 
fuel and is shown in Fig. 18. The net effect of this radial movement was 
not determined experimentally and could conceivably represent as much 
as a 70% increase in the positive reactivity effect of the j^ - in . bunching. 
A correction of this magnitude would l inearize the data resulting from 
configurations A, B, and C. 

Table XXI 

RESULTS OF INHOMOGENEITY EXPERIMENTS 

Type Loading 

^ - i n . U^" bunched 
(reference) 

i - i n . U^" unbunched 

A-in. U^" bunched 

238-235-238 sandwich 

| - i n . 31.3% bunched 

31.3% unbunched 

Test 
Configuration 
(see Fig. 17) 

A 

B 

C 

D 

E 

F 

Reactivity Change 
with Respect to 

Reference Loading, 

0 

-11.8 

+21.6 

+5.0 

-11.6(') 

-27.1(1) 

Ih 

Test 
of 

Crit 

Fraction(2) 
Clean-core 
cal Mass, % 

6.15 

6.15 

6.15 

5.95 

5.95 

5.95 

(1 Corrected for increase of 164 g Û ^̂  with respect to reference. Utilized average 
clean core worth of 51.6 Ih/kg U^̂ .̂ 

( )ciean-core Critical Mass = 431.5 kg U^̂ .̂ Critical Mass of As-Loaded Test 
core is 434 kg U^̂ ,̂ resulting from lower density of uranium in test region. 

[X] =(lrawerswith3/16-in.U^- [o] = drawer with no fuel 

g ^ = buffer drawers 

[ 7 1 ' no change for the loading 

'+'^ 

CI 

0 

Ê 

X 
• / . ' 

^ 

X 

X 

'<•:'• 

0 

X 

X 

0 

X 

BL 

X 

X 

0 

INK 

';•••? 

0 

T 

K 

L 

M 

N 

0 

P 

U 

R 

S 

T 

U 

Hall No. 1 - Stationary 

Ei^ 
>i 

-i^ 
:^& 

24 23 22 21 2t 19 18 17 16 15 14 

Hall No. 2 - Moveable 

Fig. 18 

Pattern for -y-in. 
Bunching in Full-
Length Wedge of 

Core. 
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The substitution of 31.3% enriched U^̂ ^ columns involved a slight 
mass change (less than 0.1%) in loadings E and F with respect to D, r e 
sulting from the use of differing plate sizes. The data shown in Table XXI 
have been corrected for this U^̂ ^ increase as noted. 

Foil Traver ses through Test Drawer Loadings. A 21-drawer test 
region, 7 in. deep in each half, was constructed at the core center in a 
manner s imilar to the preceding axial wedge. The drawers were loaded 
in the various configurations with numerous Û ^̂  and U^̂ ^ foils located 1 in. 
back from the assembly interface across the width of the central drawers . 
Irradiation and counting of these foils provided a detailed mapping of the 
relative U and U fission rates across a single drawer. These t raverses 
are shown in Figs. 19-23. The Û ^̂  and Û ^̂  data have been arbi t rar i ly 
normalized at one point and show relative rates only. The U^ '̂ fission rate 
is not comparable with the U^̂ ^ rate. 

4 — 

3 — 

2 — 

< 
J* 

/ \ 0 • 28 FOIL': 
/ \ X • 25F0IC 

^„yci \ ^ ^ 

^S, , „0 Q^ 
O 

^ ^ 1 
| S | - -

•ft ro ^ ^ ^ H O O ro 

IN 1016 
IN 2016 

0 

o - - | S | 
3 1 1 l " l 

â  H H 

Fig. 19. Single-drawer Fission Rate Distribution, Configuration A 

O K> <n ro ^ ^ H O rO ro >n ^ ^ H 
o « V o ^ ^ H <£ 10 ^ ^ H 

Lu \ • _ L I J _ _ L J 1_L_H 

Fig. 20. Single-drawer Fission Rate Distribution, Configuration B 
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Fig. 21. Single-drawer Fission Rate Distribution, Configuration C 
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Fig. 2Z. Single-drawer Fission Rate Distribution, Configuration D 
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Fig. 23. Single-drawer Fission Rate Distribution, Configuration E 
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G. S p e c t r a l I n d i c e s 

C e n t r a l F i s s i o n R a t i o s . A s e r i e s of c e n t r a l - c o r e f i s s i o n r a t i o s 
w e r e ob ta ined on the c l e a n - c o r e loading wi th a b s o l u t e - t y p e f i s s i o n c h a m 
b e r s con ta in ing a known quan t i ty of the t e s t m a t e r i a l . T h e s e d e t e c t o r s 
have b e e n d e s c r i b e d in de t a i l by F . S. Ki rnv l^ ) and the m e t h o d e v a l u a t e d 
by W. G. Davey and R. N. C u r r a n . ( l 3 ) 

Two d e t e c t o r s , one of which con ta ined a known quant i ty of U^^^, 
w e r e i n s e r t e d at the c e n t e r of the c o r e for e a c h m e a s u r e m e n t . The second 
d e t e c t o r con t a ined a known quan t i ty of the t e s t m a t e r i a l , t h e r e b y p rov id ing 
a d i r e c t m e a s u r e m e n t of the f i s s i o n r a t i o . The d e t e c t o r s e a c h o c c u p i e d a 
v o l u m e , 1 in. deep by 2 in.^, at the f ront of the two c e n t r a l d r a w e r s ( P - 1 6 ) . 
The l e a d s w e r e b r o u g h t out ax ia l ly wi th the r e m a i n i n g d r a w e r c o m p o s i t i o n 
unchanged f r o m the c l ean c o r e load ing . The da ta ob ta ined f r o m t h e s e 
m e a s u r e m e n t s a r e g iven in Tab le XXII. 

Table XXII 

FISSION RATIOS AT C E N T E R O F C L E A N - C O R E ASSEMBLY 

a f ( M a t e r i a l ) ( i ) 

M a t e r i a l Coun te r CTf(U^^^) A v e r a g e 

2 0.0356(2) 
3 0.0345(2) 0.0351 (2) 

8 0.296(2) ^288^2) 
11 0.280(2) 

U"^ 16 1.517 1.517 

1.147 P u " ' 20 1.149 
P u " ' 21 1.145 

Pu^^" 12 0.319(2) 0 .319(2 ' 

(^ 'All r a t i o s d e t e r m i n e d with r e s p e c t to coun te r No. 5 (U^^^). 

(2 )These r a t i o s have been ad jus ted to inc lude the following abso lu t e 
f i s s ion c o u n t e r wal l c o r r e c t i o n s i m p l i e d by Ref. 13: 

u " * 0.92 
U"^ 0.96 
P u ^ « 0.96 

U^^* C a p t u r e R a t e . R a d i o c h e m i c a l a n a l y s e s of i r r a d i a t e d U^^^-
e n r i c h e d and d e p l e t e d - u r a n i u m foi ls by S. Sk ladz ien p r o v i d e d r a d i a l and 
a x i a l t r a v e r s e s of the r e l a t i v e U ^^ c a p t u r e r a t e s in the c l e a n - c o r e 



56 

assembly, as shown in Fig. 24, along with a measurement of the U"^ 
capture to U"^ fission ratio at the core center.(14) This value was de
termined radiochemically to be 

0.100 t 0.004 

- core center 

. - = ^ 

t 0.8 
l 0 .7 

K 0.5 

3 0.4 

• RADIAL 
X AXIAL P 16 
O AXIAL P-9 

Fig. 24 

U^̂ ^ Capture Rates in Clean-core 
Assembly (Radiochemical Analy

sis of Irradiated Foils) 

I I I I I I I 

Nuclear Track Plate Irradiations. Four types of nuclear t rack 
emulsions were irradiated at the core center and at the axial core blanket 
interface on the core axis. Three plates of each type were i rradiated at 
both locations. The plates were prepared and developed by J. H. Roberts 
of Northwestern Univers i ty . (^ ' The emulsion types and estimated expo
sures are as follows: 

Emulsion Type 

L-1 
E-1 
E-1 (Li-6 loaded) 
C-2 

U™ and U"^ Fission Rate 

Emulsion 
Thickness, 

200 
200 
200 
400 

Traverses 

M 
nvt. 

neu t rons /cm-sec 

0.27 X 10' 
7.2 X 10' 
1.9 X 10' 
1.1 X 10' 

Enriched and depleted uraniuim foils were irradiated in the clean 
core along a radius at the core midplane.(l6) The 1-in.-diameter, 20-mil-
thick U ^̂  and 5-mil-thick Û ^̂  foils were wrapped in thin aluminum foil 
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and inserted inside the drawer fronts such that the plane of the foil was 
paral lel to the assembly interface. This provided an integration of the 
local flux distribution in a single drawer over the area of the foils. Simi
lar foils placed near the radial core-blanket interface were inserted be
tween columns of mater ia l to obtain a better resolution of the gradient in 
this region. As a resul t of the local flux perturbations in a core drawer, 
some variation from a smooth fission rate curve is to be expected in the 
core region. However, the fine radial blanket in this immediate region 

was reloaded in a relatively 
homogeneous manner with-g--in. 
columns of depleted uranium, 
aluminum, and stainless steel to 
produce a smooth local flux 
gradient for these measurements . 

t ENRICHED FOILS 
5 DEPLETED FOILS UNCORFJECTED FOR 

COfJTAINEO 0 " * 

RflDiaL DISTANCE FROM CORE / 

Fig. 25. Radial Fission Rates in Clean 
Core at Midplane (Through 
P-Row at Interface) (Foils) 

The data obtained from 
these measurements are shown 
graphically in Fig. 25. Both 
curves are normalized to unity 
at the core center. The U^̂ ^ 
curve has not been corrected for 
the V"^ content (-0.2% U^") in 
the depleted uranium foil. 

Figure 26 is a plot of the ratio af(U^^*)/a£(U^") obtained by using 
the smoothed curves of Fig. 25 and correcting for the fraction of U^ '̂' in 
the depleted foils by utilizing the measured value* a^{V"^)/a[(U"^) = 0.0381 
at the core center and the relation: 

Count rate (CR) (depleted foils) cc 0.998 af(U"*) + 0.002 af(U"^) 

0.04 

0.03 

0.02 

---s..,,^ CORE 
^ \ _ ^ (14 

-

1 1 1 1 1 1 1 1 1 1 1 1 1 1 

EDGE 
in ) 

1 P 

Fig. 26 

Radial Variation of ai{U"^)/ai{V"^) 
at Midplane of Clean Core 

RADIAL DISTANCE FROM CORE AXlS.ir 

•The absolute fission counter wall correction given in Table XXII has 
not been included here. 
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T h u s , one obta ins 

0.0399 
af(U"8) _ ^ ^^^^ [ CR (dep le ted foi ls ) - 0.047 CR ( e n r i c h e d fo 

CR ( e n r i c h e d foi ls ) af(U"^) 

I. React iv i ty Wor th of Hydrogen 

i l s ) ! 

A hypothe t ica l acc iden t in which h y d r o g e n o u s m a t e r i a l is a d m i t t e d 
to the p r i m a r y sodium coolant of the F e r m i r e a c t o r w a s s i m u l a t e d in the 
c l e a n - c o r e a s s e m b l y . M e a s u r e m e n t s w e r e p e r f o r m e d by p roduc ing a 
mockup of a diffused "front" of h y d r o g e n o u s m a t e r i a l p r o g r e s s i n g ax ia l ly 
through the co re and fine b lanket in m u c h the s a m e m a n n e r as it would in 
the sodium s t r e a m in the ac tua l r e a c t o r . Thin , 2 - b y - 5 - i n . s t r i p s of po ly 
ethylene (CH2)n weighing an a v e r a g e of 0.777 g e a c h w e r e la id on the 
tops of the Z P R - I I I d r a w e r s , w i th the excep t ion of the 5 c o n t r o l and safety 
rod d r a w e r s . A to ta l of 155.5 c o r e d r a w e r s and 71.5 fine b l a n k e t d r a w e r s 
w e r e involved (see F ig . 7). 

The f i r s t loading involved p lac ing the 5- in . s t r i p s of po lye thy lene in 
the reg ion extending f rom 15 to 20 in. f r o m the c o r e m i d p l a n e in one half 
of the a s s e m b l y . This r e p r e s e n t s a 5 - i n . - d e e p r eg i o n in the r a d i a l and axial 
b lanket i m m e d i a t e l y adjacent to the c y l i n d r i c a l end of the c o r e . Subsequent 
loadings r e p r e s e n t e d 5- in . addi t ions to the hyd rogenous f ron t as it app roached 
the co re midplane through the co re and fine b lanke t . The r e a c t i v i t y effect 
was a s s u m e d to be s y m m e t r i c a l about the c o r e m i d p l a n e ; t h u s , the m e a s 
u r e m e n t was t e r m i n a t e d when half of the a s s e m b l y w a s loaded wi th po ly 
ethylene f rom the midplane (0- in . ) to 5 in. beyond the c o r e end (20 in . ) . 
The data r e su l t ing f rom these loadings a r e g iven in Tab le XXIII. 

Table XXIII 

REACTIVITY E F F E C T OF P O L Y E T H Y L E N E IN 
CORE AND FINE BLANKET 

Dis tance of 
Polyethylene 

from Midplane 
(in.) 

20 - 15 
20 - 10 
20 - 5 
20 - 0 

T( Dtal Weight 
Po lye thy lene 

R e a c t o r 

(g) 

176.2 
354.5 
527.7 
704.7 

of 

i n R e a c t 
d u e t o 

iv i ty Change 
P o l y e t h y l e n e 

(Ih) 

-6 .1 
+ 3.2 
26.4 
60.7 

A negat ive r eac t i v i t y effect of the po lye thy lene in the r a d i a l and 
axial end blanket was o b s e r v e d . The po lye thy lene was r e m o v e d f r o m the 
r ad ia l fine blanket , which r e s u l t e d in a r e a c t i v i t y i n c r e a s e of 37.1 Ih for 



59 

the removal of 221 g polyethylene from the 71.5 fine blanket drawers in 
half of the assembly. The worth of the polyethylene in half of the core and 
one axial end blanket was therefore +97.8 Ih for 483.7 g polyethylene. This 
would be expected to increase to +103.9 Ih for the 362.7 g polyethylene in 
one half of the core alone by removing the 5 in. in the axial end blanket, 
neglecting corner effects. 

J. Rossi-alpha Measurement for Neutron Lifetime 

A measurement( l ^/ of the value of the Rossi alpha for the Fe rmi 
clean-core assembly was obtained in six runs which yielded the following 
resu l t s : 

Rossi Alpha, 
Run 

1 
2 
3 
4 
5 
6 

10^ . .ec- ' 

4.61 
4.65 
4.44 
4.55 
4.52 
4.46 

Average 4.55 

Since these runs were all made at 5.5-Ih subcrit ical , a correction of 
-1.8% must be applied to the value of alpha to obtain the delayed cri t ical 
value. The uncertainty of the above average is estimated to be t2%. There
fore, the best value for alpha is 

At delayed cr i t ical , the neutron lifetime £ is 

i, = p/a 

where (3 is the delayed-neutron fraction and a is the measured Rossi alpha. 
Utilizing the value of 0.00687 for P with an uncertainty of at least 4%, r e 
sulting from a 3% uncertainty in the absolute delayed-neutron yield and an 
uncertainty of 2% in V, one obtains a value for the neutron lifetime of 

H = 15.35 t 0.80 X 10"^ sec 
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VI. ENGINEERING-CORE EXPERIMENTS 

A. Description of the Engineering-core Mockup 

The construction of the engineering-core mockup of the F e r m i 
reactor involved the use of the radial blanket loading of the clean core as 
described in Section V,B. The core and axial blanket regions were r e 
loaded to duplicate the geometry and composition of the F e r m i reactor . 
The core geometry was mocked up by loading 15.5 in. of core mater ia l in 
Half No. 1 and 15.0 in. in Half No. 2. These part ial core lengths, together 
with the interface dimension, gave a core height of 30.60 in., thus placing 
the core midplane 0.250 in. from the interface in Half No. 1. The 3.713-in. 
upper and 5.963-in. lower axial end gaps in the F e r m i design were simu
lated in the ZPR-III loading by a 3. 500-in. endgap in Half No. 1 and a 
6.000-in. endgap in Half No. 2. Measurements were made during the 
course of the experimental work to determine the effect of increasing the 
3. 500-in. endgap in Half No. 1 to 4.000 in. to bracket the design dimension 
of 3.713 in. The composition of the axial core end blanket was also revised 
over the clean-core loading better to approximate that of the F e r m i design. 
The control and safety rod channels within the core and axial blanket were 
initially loaded in slightly off-design compensating positions to simplify 
the individual, adjacent ZPR-III drawer loadings. Relocating these chan
nels in subsequent experiments provided the necessary reactivity co r rec 
tion on the critical mass . 

With the exception of those for measuring the reactivity worth of 
the oscillator rod and wave shape, all the experiments conducted with the 
engineering core utilized a clean loading, i.e., the mockup control and 
safety rod channels contained low-density aluminum only. The presence 
of boron carbide in the two central shim and regulating rod channels would 
be expected to affect only the local fission rate distribution and the worths 
of the mockup fuel subassembly in the central region. 

Figure 27 shows the ZPR-III assembly loading through the midplane 
of the reactor. Figure 28 is an overlay of the ZPR-III loading on the Fe rmi 
reactor geometry. It should be noted that the radial core boundaries of 
both the Fermi core and the ZPR-III core mockup are identical. It was 
possible to duplicate the cross-sect ional area of the F e r m i core in ZPR-III 
to withm 7 m. . The area of the Fe rmi 91 - subassembly core with 10 con
trol channels IS 732.48 in.^ compared with the ZPR-III mockup core area 
of 732.72 m. . The total area (72.50 in.^) of the mocked-up core devoted 
to control and safety rod channels was within 0.02 in.^ of the total a rea of 
he Fermi channels. Figure 29 shows a detailed comparison of the posi

tioning of the Z P R - m mocked-up control channels and the F e r m i control 
channels. 
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Fermi Mockup 
Rod Channel 

Fig. 27 

ZPR-III Loading for 
Fe rmi Engineering-
core Assembly 
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Fig. 29. Mockup and Design Con
trol Channel Locations 
on Fe rmi Matrix 
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The average dimensions of the matr ix cell of the ZPR-III machine 
are 2.176 in. vertically by 2.183 in. horizontally, compared with the unit 
cell dimension of 2.693 in.^ for the Fe rmi reactor . 

Core Composition and Crit ical Mass. As in the clean-core loading, 
the v/o composition of the Fe rmi reactor did not easily allow a uniform 
single-drawer type of loading for ZPR-III. Consequently, it was necessary 
to devise a multidrawer unit cell having an average composition as close 
as possible to that of the fuel region of the F e r m i core. A four-drawer 
unit cell was selected, consisting of the drawer master sequence 
Nos. 1-2-3-2, as shown in Table XXIV. This average composition was 
also distributed as uniformly as possible over the part ial core edge 
drawers and in the partial core drawers bordering the mocked-up rod 
channels. Figure 30 shows the ar ray of these normal drawers as they 
were loaded in the assembly. The average aluminum density in the core 

BASIC DRAWER iOADINGS FOR ENGINEERING-CORE ASSEMBLY 

118-in. Columns Lett to Right Across Drawer Face 

Drawer Loading A B C D 

1 28 63» l O m Zr 

2 63» 28 25 100% 

3 28 63% 100% Zr 

dISeed) 28 100% Zr 28 

Normal Unit Cell No. 1 - No. 2 - No. 3 - No 2 

Seeded Unit Cell No. 1 - No. 2 - No. 4 • No. 2 

Code: 28 - 0^38 
25 - U235 

SS - Stainless Steel 
Mo - Molybdenum 
Zr - Zirconium 

% - Relers to aluminum density 
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and fine blanket of the engineering-core mockup was increased over that 
used for the clean-core experiments as a result of the full-drawer 
aluminum-substitution and sodium-substitution experiments with the clean 
core. These measurements indicated an equivalence between sodium and 
an average aluminum piece density of 71%. An average density of 7 3% 
was achieved at pieces in the engineering-core loading. 

63 

End 

Blanket 

In order to alter the available reactivity without changing either 
the geometry or the total uranium in the core, it was necessary to use 
"seeded" drawers , as was done in the Fe rmi clean-core experiment. 
Seeding was accomplished by replacing a column of depleted uranium in a 
No. 3 drawer with a column of enriched uranium, thus rnaking it a No. 4 
drawer. The "seeded" four-drawer unit cell has the sequence Nos. 1-2-
4-2. The core, as originally planned with no seeded drawers , shown in 
Fig. 30, contained 430.0 kg U^" and was subcritical by 233.9 Ih. This 
was determined by adding 4 seeded drawers worth 257.7 Ih to produce a 
clean core which was 2 3.8 Ih supercri t ical . By means of the distributed 
worth of U"^ as determined for the clean core of 51.6 Ih/kg, a clean cold 
(17.0°C) cri t ical mass of 434.4 kg U^^' is obtained for the loading as 
described. The volume of the engineering-core mockup was 367.3 l i ters 
as compared with the Fe rmi core volume of 371.5 l i ters This resulted 

primari ly from the reduced height 
(30.60 in.) of the mockup. Figure 31 
is a horizontal c ross section of the 
ZPR-III loading showing the dimen
sions associated with the axial end 
gaps and the axial end blanket. The 
detailed compositions of the core, 
control rod channels, end gaps, 
etc. , are given in Table XXV. A 
comparison of the Fe rmi engineering-
core design composition and the 
crit ical ZPR-III engineering mockup 
is given in Table II. Because of the 
inventory limitation on the smal ler -
sized pieces of depleted uranium, it 
was not possible to load sufficient 
blanket mater ia l into the core region 
to enable the approach to criticality 
by replacing blanket material with 
core mater ia l at increasing radii. 
Instead, the entire core region was 
initially loaded with core mater ia l , 
except that aluminum replaced the 
U^̂ ^ in a one-drawer annular r e c 
tangular section through the K and 
U horizontal rows and the No. 11 
and No. 21 vert ical columns in both 

Upper End Gap 

Core 

Interlace 

Lower End Gap 

End 
Blanket 

I I 
25.94 33.65 

28.60 

Fig. 31. Dimensions of Fe rmi 
Core A Engineering 
Mockup 
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halves (see Fig. 27). This produced an initial loading of 311.8 kg U • 
The loading progressed by the substitution of enriched uranium for this 
aluminum and the subsequent addition of seeded drawers . This method 
provided a reasonably linear inverse count-rate curve allowing accurate 
extrapolation to criticality. 

Table XXV 

VOLUME PER CENT COMPOSITIONS OF 
FERMI ENGINEERING-CORE MOCKUP 

C o r e ^ " 

Safety and Control 
Rod Channels 

Upper End Gap {3. 5 in.) 
0(2) - 0.5 in. 
0.5 - 2.5 in. 
2.5 - 3.5 in. 

LowerEndGap (6 in.) 
o(2) - 1 in. 
1 - 3 in. 
3 - 4 in. 

4 - 6 in. 

Axial (End) Blanlcet 

Fine Bianlcet 

Medium Blanket 

Coarse Bianlcet 
(Region No. 1) 

Coarse Bianlcet 
(Region No. 2) 

0.06 

O.IO 

O.li 

O.li 

28.30 

45.59 

48.70 

46.35 

5.04 4.99 

(1) Does not include safety and control rod channels . 

14.17 

12.38 

23.79 (Avg) 
9.01 

14.06 
50.61 

21.99 (Avg) 
19.13 
19.50 
45.66 
14.06 

18.50 

19.50 

21.00 

16.65 

A l 

26.93 

49.04 

40.76 (Avg) 
58.37 
45.26 
22.98 

40.07 (Avg) 
53.89 
42.04 
25.24 
38.63 

24.14 

18.55 

13.47 

0.86 

(2) Zero in. is taicen at axial end of core . 

End Gap and Blanket Composition. The end gaps between the core 
and axial end blanket in the Fermi fuel-subassembly design were included 
in considerable detail in the ZPR-III engineering-core mockup. Figure 32 
shows the details of a typical 15.5-in. core section and the 3.5-in. end gap 
in Half No, 1. This represents the upper half of the Fe rmi core and upper 
end gap, plus a portion (19 to 21 in.) of the axial end blanket. Figure 33 is 
the detail of the lower 15 in. of the core and the lower 6-in. end gap. The 
v/o compositions of both end gaps, neglecting the drawer-end spring gap, 
are included in Table XXV. 
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11 inches! 

1̂  

-;- Fig, 32 

Upper End Gap and Portion 
of End Blanket, Half No. 1 

Fig, 33 

Lower End Gap, Half No. 2 

Aluminum was used to simulate the zirconium end cap on both ends 
of the Fe rmi fuel pin. It was assumed that 100% density aluminum was 
equivalent to the same volume per cent of zirconium in the region im
mediately adjacent to the core. 

The axial end blankets were loaded into the 11-in. back drawers of 
ZPR-III, Since both core end blankets have the same geometry and com
position in the Fe rmi reactor , the same back drawer loading v/as used in 
both halves of ZPR-III. A typical loading of a core end blanket drawer is 
shown in Fig 34. The two adjacent 1 x 1 x 5-in. pieces of 56% density 
aluminum in this loading represent the 2.25-in.^, sodium-filled flow 
channel in each Fe rmi fuel subassembly. There are 139 of these mockup 
flow channels; in other words, 278 in.^ were provided in the ZPR-III 
mockup, compared with 91 channels, or 205 in.^, in the F e r m i reactor . 
A subsequent experiment will be described, which supplied the necessary 
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c o r r e c t i o n for t h i s i n c r e a s e d s t r e a m i n g a r e a inc luded in the Z P R - I U 
m o c k u p . F i g u r e 35 i s a t yp i ca l a r r a y of the 2-in.^ s t r e a m i n g c h a n n e l s a s 

they w e r e loaded in the m o c k u p . The 
s t r e a m i n g c h a n n e l s f o r m e d by the two 
1 X 1 x 5- in . , 57% dens i t y a l u m i n u m 
p i e c e s in the e n d - g a p s e c t i o n of the c o r e 
d r a w e r s w e r e a l igned with the c o r r e s 
ponding 57% dens i ty a l u m i n u m c h a n n e l s 
in the 11- in . b a c k d r a w e r s to p r o d u c e a 
s t r a i g h t l ine channe l f r o m the end of 
the c o r e to the ou te r end of the a s s e m 
b ly . The 1 X 1 X 5-in. p i e c e s of s t a i n l e s s 
s t e e l w e r e a l t e r n a t e l y p l a c e d in the front 
and the b a c k of the 11- in . b a c k d r a w e r 
to p r o v i d e a m o r e h o m o g e n e o u s 
d i s t r i b u t i o n . 

28 

28 

- 5 7 * A K 

V/y 
^57% A l / 

28 

SS 

4 7 * Al -> 

//// 
y/y 
'^7»AI/ 

28 

28 

Yy77 
^57% A l / 

y///y 
,57*AIV 

v/y/ 5 

28 

SS 

//// 
/ 57* Al , 

V/// 
yyy 
V/y 

28 

28 

yv// 
^571 A | / 

^//y //// 
/ 5 7 % A I / 

vvy 28 

SS 

////} 
' 57% Al / 

V/y 
/ / / / 
^S71lA|/ 

v/V 6 

28 

28 

///// 
- 57% Al / 

yy/ //// 
y^7%M'/ 

V//> 
28 

SS 

vv// 
57% A l / 

y/// 
28 

28 

' 5 7 % A r / 

57% Al 

yyy/. 

F i g . 35, A r r a n g e m e n t of End 
B lanke t S t r e a m i n g 
Channe l s 

As a r e s u l t of the a l u m i n u m s u b 
s t i t u t i ons in the fine b l a n k e t of the c lean 
c o r e , the a l u m i n u m d e n s i t y in the fine 
r a d i a l b l a n k e t w a s a l so i n c r e a s e d over 
tha t in the c l e a n - c o r e e x p e r i m e n t s 

b e t t e r to s imu la t e sod ium in th i s r eg ion . F i g u r e 36 shows the de t a i l ed 
loading of a typ ica l fine r a d i a l b l a n k e t d r a w e r . Th i s i s to b e c o m p a r e d 
with the c l e a n - c o r e fine b l a n k e t loading as shown in F i g . 11. The ex ten t 
of the fine r a d i a l b l anke t r e g i o n is shown in F i g s . 27 and 31 . The r e m a i n 
ing r a d i a l b l anke t r e g i o n s w e r e unchanged as c o m p a r e d with t hose 
d e s c r i b e d for the c l e a n - c o r e loading. 

F i g 36 

Typica l F i n e Radia l 
Blanke t D r a w e r 
Loading 

^Al] 

I I I I I I I I I I r 
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Radial Worth of Seeded D r a w e r s . F o r p u r p o s e s of e x p e r i m e n t and 
c r i t i c a l - m a s s d e t e r m i n a t i o n , it was n e c e s s a r y to ob ta in a r a d i a l w o r t h 
c u r v e for the subs t i tu t ion of a seeded d r a w e r (No. 4) for a n o r m a l d r a w e r 
(No. 3), This i s effect ively the subs t i tu t ion of a co lumn of e n r i c h e d u r a 
n ium for a column of deple ted u r a n i u m , c o r r e s p o n d i n g to a ne t change of 
1.051 kg U"5 in Half No, 1 (15,5- in . co lumn) , or 1.021 kg in Half No. 2 
(15.0-in, column) . T h e r e was a l so a s l igh t r e d i s t r i b u t i o n of the m a t e r i a l 
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in the d r a w e r , a s s een in Tab le XXIV. The r e s u l t s of t h e s e m e a s u r e m e n t s 
a r e l i s t e d in Tab le XXVI and p lo t t ed in F i g . 37 a s a funct ion of the a v e r a g e 
r a d i a l p o s i t i o n of the d r a w e r . 

Table XXVI 

RADIAL WORTH OF HALF-CORE 
AXIAL COLUMNS, U"* FOR U " ' 

Drawer 
Nunnber 

(See Fig. 27) 

1017(15.5 in.) 
1L16 
1T20 
1K21 

2P16( i5 .0 in.) 
20 I5 
2MI7 
2L16 
2K15 
2TI2 
2NI0 
2K1I 

Average 
Radius 

( i n . ) 

2.916 
8.704 

12.324 
15.411 

0 
2.916 
6.883 
8.714 

11.097 
12.329 
13.802 
15.411 

N e t 
Worth 

(Ih) 

93.5 
74,2 
40.7 
22.2 

90.8 
88.2 
79.5 
70.2 
53.0 
39.0 
29.6 
21.7 

-

-

_ 
-
-

HALF No 1 " ^ - v V 

HALF No.2 ' C s 

HALFNo.1 HALF No.2 

a M j j 2 3 5 +1 05 kg +1 02 kg 

e,Myj2ie - 1 , 0 6 k g -1.03kg 

1 1 

^ 

%̂  

1 

Fig , 37, 
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" These regions were used in the worth studies ol depleted uranium and aluminum. 

F i g , 38, D i m e n s i o n s of B l a n k e t 
and F e r m i E n g i n e e r i n g -
c o r e Mockup for B l a n k e t 
and E n d - g a p Subs t i t u t i ons 

B , M a t e r i a l Subs t i tu t ions in 
B lanke t and End Gaps 

The w o r t h s of a l u m i n u m and 
dep le t ed u r a n i u m w e r e d e t e r m i n e d 
for the F e r m i E n g i n e e r i n g C o r e 
Mockup in Z P R - I I I , The r e g i o n s 
c o n c e r n e d in th i s s tudy, as shown 
in F i g , 38, w e r e : 

1, An ax ia l b l anke t c o n s i s t 
ing of a r eg i o n 11 in, in depth s e p a 
r a t e d f r o m the c o r e by a 3.5- in. end 
g a p , 2 in. of u n a l t e r e d ax ia l b l a n k e t 
and iV in. of void and s p r i n g ; 

2. A fine r a d i a l b l a n k e t 
36,08 in, long, e n c o m p a s s i n g an 
annu la r r e g i o n 15.27 to 19.15 in. 
f r o m the c o r e c e n t e r l i ne ; 

3. A m e d i u m r a d i a l b l a n k e t 32,0 in. long in an a n n u l a r r e g i o n 
19.15 to 24.0 in. f r o m the c o r e c e n t e r ; 
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4. A medium coarse radial blanket 32.0 in. long in an annular 
region 24.0 to 25.94 in. from the core center; 

5. An outer coarse radial blanket 10.0 in. long in an outer radial 
region 26.0 to 33.6 in. from the core center. 

The radial blanket regions were all concentric with the core and 
centered about the core midplane. The resul ts of these loadings a re given 
in Table XXVII. The locations of the selected drawers are shown in 
Fig. 39. The values presented in Table XXVII are based on a comparison 
with an equal volume of void. 

Table XXVII 

WORTHS OF DEPLETED URANIUM AND ALUMINUM IN BLANKET 
OF ENGINEERING-CORE MOCKUP 

Loading 
No. 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

Blanket 

Initial Reference Loading 

Axial of Half No. l ' ' ' 

Axiai of Half No. l " * 

Axial of Half No, i ^ 

Repeat Reference Loading 

Fine Radial'^' 

Fine Radial'^' 

Fine Radial*^' 

Medium Radial(^) 

Medium Radial(^) 

Medium Coarse^ ' 

Medium Coarse^^ 

Coarse^'*' 

Repeat Reference Loading 

Material 

Depleted U 

Depleted U 

Aluminum 

Depleted U 

Depleted U 

Depleted U 

Depleted U 

Aluminum 

Depleted U 

Aluminum 

Depleted U 

Cliange 
(v/o) 

Change 
(kg) 

50,5 Ih (Reference) 

28,3 to Z5,9 

25.9 to 23.6 

24,1 to 28,8 

- 52,8 

- 52,8 

+ 14.94 

49,7 111 (Reference) 

45,6 to 42,7 

42.7 to 40.2 

40,2 to 36,8 

48,7 to 46,3 

14,7 to 17,0 

48,8 to 45,7 

14,7 to 17,8 

Negligible 

-116 

-116 

-160.2 

-147.6 

+ 21.1 

- 93,2 

+ 13,18 

-197,4 

49,0 Ih (Reference) 

Change 
(Ih) 

0 

- 4.8 

- 4.8 

+ 8.2 

0 

-49,3 

-43.8 

-45.1 

-14.1 

+ 14,3 

- 2,3 

+ 2.3 

- 1.5 

Worth 
(Ih/kg) 

+0.091 

+0,091 

+0.548 

+0.425 

+0.378 

+0.281 

+0,0955 

+0,678 

+0,0247 

+0.175 

+0.0076 

There is a 3, 5-in, end gap plus 2 in, of unaltered axial blanket between the core and this region. 

The fine radial blanket test region is 36,08 in, long. 

The medium and medium coarse radial blanket test regions are 32,00 in, long. 

ig was taken over the center 10,0 in, axially of the outside edge of the coarse blanket. ('')This loadii 
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Fig. 39. Location of Altered Drawers for 
Blanket and End-gap Substitutions 
1. Axial Blanket 
2. Fine Radial Blanket 
3. Medium Radial Blanket 
4. Medium Coarse Radial Blanket 
5. Coarse Radial Blanket 

The engineering-core mockup utilized for these substitutions con
sisted of 141 full drawers and 36 partial drawers , making an equivalent of 
154 full drawers . The axial blanket, which was separated froiri the core 
by a 3.5-in. end gap, consisted of 154 drawers , of which 15 were control 
rod channels containing only aluminum and stainless steel. The fine 
radial blanket included 64 full drawers and 36 partial drawers . The 
medium blanket, which included the medium coarse region, was contained 
in 204 matrix channels and the coarse blanket, in 304 matrix channels. 

The core volume was 367.3 l i t e rs ; height, 30.60 in.; equivalent 
diameter , 30.5 in.; and the cold cri t ical mass was 434.4 kg U^^ .̂ The core 
and blanket compositions are given in Table XXV. Figure 38 indicates the 
blanket lengths and radii in Half No. 1 of ZPR-III. The core region in 
Half No. 2 was 15 in. in length v/ith a 6-in. end gap bet^veen it and its axial 
end blanket. This was the only difference over the core and blanket 
dirriensions shown for Half No. 1. 
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Measurements of Blanket Worth. Measurements of the worths of 

depleted uranium and aluminum were conducted by removing the material 

in question and observing the reactivity effect of the remaining void with 

respect to a previous reference measurement. Both depleted-uranium and 

aluminum worths were determined in the axial and radial blankets. The 

aluminum worth was determined by the addition of aluminum in the voids 

produced by removing uranium. These results are shown in Table XXVII. 

An initial reference measurement and two subsequent ones agreed to 

within 1.5 Ih, indicating the overall accuracy of these and other substi

tution measurements. 

1. Axial Blanket 

Only the back blanket drawers were used to make the axial 

blanket studies. The axial blanket in Half No. 1 extends 2 in. into the back 

of the front core drawers, separated from the core by a 3.5-in. end gap. 

During the axial blanket substitutions, this 2-in. section remained un

altered. A typical loading of the 11-in. back blanket drawers used in 

these studies is shown in Fig. 34. The locations of these drawers are 

shown in Fig. 39. To measure the worth of depleted uranium, one 1 x 1 x 

5-in. piece was removed from the double column from selected drawers 

(No. I's in Fig. 39), alternating between the front and the back of the 11-in. 

drawer. The worth of depleted uranium in the axial blanket, 0.091 Ih/kg, 

did not change as additional material was removed. The blanket composi

tion was changed from 28.3 to 25.9 v/o when 52.8 kg were removed in 

loading No. 54 (see Table XXVII). The reactivity change was a loss of 

4.8 Ih, which was the same as the reactivity loss for the subsequent load

ing (No. 55) when an additional 52.8 kg were removed. 

The worth of aluminum in the axial blanket was determined in 

a separate measurement by filling the voids created by the removal of 

depleted uranium in the previous loadings. With the addition of 14.94 kg 

of aluminum, the reactivity increased by 8.2 Ih, indicating a worth of 

0.548 Ih/kg, as shown in Table XXVII. This addition resulted in a com

position change from 24.1 to 28.8 v/o of aluminum. On this basis, alumi

num IS worth slightly less than depleted uranium in the axial blanket, 

since, for a composition change of 4.7 v/o, aluminum is worth 8.2 Ih 

versus 9.6 Ih for depleted uranium. The axial blanket was restored to the 

original loading before the measurements were made on the radial blanket. 

^- Radial Blanket 

. ,, '^^'^ ^ ' " ^ radial blanket extends from 15.25 in. to 19.15 in. from 

he core center and is adjacent to the core (see Fig. 38). Figure 36 shows 

a typical drawer loading for this region. The worth of depleted uranium 

IrLt T ^ -moving the top 1 x 1 x 3-m. pieces from selected 

3 L rie f V . " " ^'^' '^ <''°- '''^- Alternate drawers had the 1 x 1 x 
3-in. depleted-uranu.n. pieces at 0-3, 6-9, 1 2-1 5 and 1 8-2 1 in. By removing 
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a total of 392.6 kg in increments of 116, 116, and 160.2 kg, the composition 
of depleted uranium was decreased froiTi 45.6 to 42.7 to 36 v /o , respectively. 
The loss of reactivity was 49.3, 43.8, and 45.1 Ih, respectively, indicating 
a worth for the first loading of 0.425 Ih/kg; of 0.378 Ih/kg for the second; 
and of 0.281 Ih/kg for the third. It is evident that the worth of depleted 
uranium in this region is strongly dependent upon the uranium composition. 

Both depleted-uranium and aluminum worths were determined 
in the medium and medium coarse blankets. The composition of these two 
regions was essentially the same. A slight difference in loading resulted 
from the use of 2 x 2 x 5-in. pieces of depleted uranium instead of four 1 x 
1 X 5-in. pieces in the medium coarse blanket. Only the first 16 in. of each 
half were al tered in these studies. A total of 147.6 kg of depleted uranium 
was removed from the medium blanket to effect a reactivity loss of 14.1 Ih. 
This yields a worth of 0.0955 Ih/kg of depleted uranium in this portion of 
the blanket. 

With the addition of 21.1 kg of aluminum in the voids formed 
by the removal of the depleted uranium, the reactivity increased 14.3 Ih, 
or 0.678 Ih/kg. On a comparative v /o bas i s , aluiminum then has essentially 
the same worth as depleted uranium; 3.4 change in v/o produces 14.3 Ih 
versus a 14.1-Ih change for depleted uranium. 

The worth of either aluminum or depleted uranium decreases 
rapidly toward the outer edge of the medium blanket which is the medium 
coarse blanket region (see Fig. 38). In the medium coarse blanket, the 
depleted uranium is worth 0.0247 Ih/kg versus 0.0955 Ih/kg in the medium 
blanket. Aluminum is worth 0.175 Ih/kg versus 0.678 Ih/kg in the medium 
blanket. 

The studies in the coarse blanket were limited to the region 
extending over the first 5 in. from the interface in each half. The worth 
of depleted uranium "was determined by removing 2 x 2 x 5-in. pieces from 
each half in selected matr ix channels, as shown in Fig. 39. The experi 
mental worth of depleted uranium was found to be 0.0076 Ih/kg in this 
portion of the coarse blanket. 

Measurements of End-gap Material Worths. To verify the cor rec t 
density of aluminum for mocking up sodium in the end-gap regions, alumi
num density experiments were conducted over the 3.5-in. end gap in 
Half No. 1. The average v/o of aluminum in this region for a normally 
loaded drawer , as shown in Fig. 32, is 40.8%. This is to be compared with 
an average of 80.0 v /o sodium occurring in this region of the F e r m i fuel 
subassembly. The aluminum density in this region was increased by sub
stituting 100% density aluminum for the 45 and 57% density aluminum 
normally occurring in this end gap. Figure 40 (which may be compared 
with the normal loading in Fig. 32) shows the manner in which this in
creased density aluminum was loaded in a drawer. The negligible reactivity 
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effect of the 2-in.^ streaming channels, as described la ter , was justifica
tion for the use of increased-density aluminum in the streaming channels 
rather than replacing the adjacent i - i n . plates of low-density aluminum. 
This substitution resulted in the net addition of 9.08 kg aluminum with a 
corresponding reactivity increase of 32.1 Ih, or + 3.53 Ih/kg aluminum. 
T h " indicates a volume-for-volume equivalence of 51% density aluminum 
L r r o o - t e m p e r a t u r e sodium (0.97 g/cm^) in this region. This is iden-
tica With the average aluminum density that was attained m the normal 
loading of the 3.5-in end gap. Thus, no reactivity correct ion for alumi
num density in the end gaps is required. 

I I 
9,0 in, Zl,t)ir 
—u End Blanket—A 

Fig. 40. Increased Aluminum Density in 3.5-in. 
Upper End Gap (Half No. 1) 

C. Spectral Indices 

Central Fission Ratios. A series of central-core fission ratio 
measurements, similar to those obtained with the clean core, were con
ducted with the Fermi engineering-core loading. The measuring techniques 
and the detectors utilized have been described in Section V,G. The data 
from the engineering-core loading, as shown in Table XXVIII, were ob
tained with the identical detectors used for the clean-core measurements . 

Table XXVIII 

FISSION RATIOS AT CENTER OF ENGINEERING-CORE ASSEMBLY 

All ra t ios de te rmined with r e s p e c t to counter No. 5 (U^^^) 
'2)These ra t ios have been adjusted to include the following abso lu te f iss ion coun te r wall 

co r r ec t i ons implied by Ref. 13: 
U " ' 0.92 
U"'' 0.96 
Pu^-" 0.96 

Mater 

u"» 
U238 

U234 

al Counter 

2 
3 

8 
1 I 

/afMateriarf ^' 

V Off") / 

0.0327 '^ ' 
0.032l(2) 

0.274(2) 
0.266(2> 

Average 

0.0324(2) 

0.27o(-) 

Mate r i a l 

u"' 
P u " ' 
P u " ' 

P u " ° 

Counter 

16 

20 
21 

12 

^OfMateriai'^C) 

V <Jf(") / 

1 ,505 

1 .133 
1 ,141 

0 .275(2 ' 

Average 

1.505 

1 .137 

0 .275(2 ' 
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U'̂  Capture Rate. Radiochemical analyses(lO) of U^^^-enriched 
and depleted uranium foils i r radiated at the center of the engineering-core 
assembly yielded the following: 

0.100 + 0.003 

'core center 

and 

"ar(28)' 
= 0.038 + 0.001 

core center 

D. Fission Rate T rave r se s 

Fiss ion rate t r ave r se s were conducted with the engineering-core 
assembly by means of small fission countersC'^) containing U^^*, U^^ ,̂ and 
Pu^ , which were inserted and remotely positioned in the assembly. These 
counters were approximately 2 in. long by -|- in, in diameter. Unobstructed 
travel of the counters was facilitated by inserting a-j--in.-diameter thin-
walled stainless steel tube through the ZPR-III assembly, either axially or 
radially, at the location desired. The mater ia ls surrounding the t raverse 
tube were loaded to retain the average composition of the local region by 
means of small pieces. The outer blanket regions immediately adjacent 
to the t r ave r se tube were reloaded with -^--in.-thick pieces of uranium, 
aluminum, and stainless steel to provide a more homogeneous environment. 
The counter to be used for the t r averse was remotely selected and posi
tioned along the t r ave r se tube by means of an automatic counter changer 
and drive mechanism. This allowed a large number of points to be taken 
during a single run. Each count rate of the sample counter in a given 
t raverse was normalized to the count rate of a fixed detector in the core 
to eliminate any dependence upon power variation during the t r ave r se . 

Radial F iss ion Rates , Horizontally. The -^--in. t r averse tube was 
loaded horizontally through the P- row paral lel to the core midplane in 
Half No. 1, 1 in. behind the interface, i .e. , -^-in. from the core midplane. 
This location allowed the t r ave r se to be made through the mockup safety 
rod channel in P -12 , 13, and the mockup control rod channel in P -14 , 15, 
to the core center and beyond (see Fig. 27). F igures 41 through 44 show 
the resul ts of these t r ave r s e s . Figure 45 is a comparison of the smoothed 
curves of these various t r ave r se s normalized to the uncorrected fission 
rat ios at the core center as determined with the absolute counters. 
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Radial Fission Rates , Vertically. These t r averses were made by 
inserting the -1--in.-diameter stainless steel guide tube in a similar man
ner vert ically down through the No. 16 matr ix column in Half No. 2, at a 
point -J- in. from the interface, i .e. , 4" in. from the core midplane. This 
t r ave r se thus includes the mocked-up safety rod channel in M-16 and 
N-16 and extends beyond the center of the core. Figures 46 through 49 
are plots of the individual t r ave r ses . Figure 50 compares the smoothed 
curves of these individual t raverses normalized to the uncorrected 
fission rat ios at the core center. 
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Comparison of Axial Fission Rates, 
P-16 Channel, Engineering-core 
Assembly 
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Axial Fission Rates , Core Edge. These t raverses were made by 
inserting the -^--in. stainless steel guide tube along the axis of the 1-16 
drawers in both halves. This placed the fission counters precisely at the 
core-radia l blanket interface and allowed the t raverse to be conducted 
along the interface of the radial blanket and the lower axial blanket, the 
lower 6-in. end gap, and the core. Figures 56 through 59 are plots of the 
individual t r ave r ses . Figure 60 compares the smoothed curves of the 
individual t r averses on the basis of the fission ratios estimated at the 
core edge on the midplane from the curves in Fig. 50. 
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E. Variation of End-gap Length 

The geometry of the Fe rmi fuel subassembly includes an end-gap 
or plenum region at either end of the core, separating the fuel and end-
blanket regions. The lower end gap of 5.963 in. was simulated in 
Half No. 2 of ZPR-III by means of a 6.00-in. region plus the -^-in, spring 
gap normally occurring at the end of the 21-in. drawer, as shown in 
Fig. 33. This was considered to be a satisfactory representation as a 
resul t of the following variation in end-gap length. 

The upper Fe rmi end gap of 3.713 in. was simulated by means of a 
3.5-in. region at the end of the 15.5-in. core section in Half No. 1, as 
shown in Fig. 32. To evaluate the reactivity effect of increasing the length 
of this region to represent more correctly the engineering design, the en
t ire end gap in Half No. 1 was increased to 4.00 in, by replacing the first 
-J in. of depleted uranium representing the axial end blanket with an equal 
volume of aluminum having an average density of 67%. The total reactivity 
change was the loss of one Ih, a negligible result. Consequently, the end-
gap length was returned to 3.5 in. for subsequent experiments to facilitate 
drawer handling and loading. 

F. Streaming Effect of End Blanket Flow Channels 

As noted in Section VI,A, the mocked-up core and blankets provided 
an excess of 73 in.^ of flow channel over that in the Fe rmi reactor design. 
To determine the necessary reactivity correction for this increase in the 
neutron-streaming area , one-quarter of the mockup flow channels 
(69.5 in.^) was eliminated by staggering the loading of the uranium and 
aluminum, as shown in Figs, 61 and 62, These loadings are to be com
pared with the normal end-blanket loadings shown in Figs. 32 and 34. The 
elimination of the excess streaming channels in one end blanket resulted 
in a gain of 2.3 Ih, or approximately a 5-Ih correction for both end blankets 
to conform to the Fe rmi engineering design. This corresponds to a cor
rection of approximately -0.1 kg U"^ in the engineering-core cri t ical mass . 

Fig. 61. Staggered Loading to Eliminate End-gap 
Streaming Channel, Core Drawer 
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G, Variation of Core Length 

Axial Extension of Core. The design length of the Fe rmi reactor 
is 30.950 in. This includes a -1—in, tapered section at both ends of the 
fuel pins, resulting from the addition of a swaged zirconium end cap, A 
core, 30,6 in, long and uniform in composition, was selected as best 
to mock up this geometry in ZPR-III. However, to better evaluate the 
reactivity effect of the additional length of the Fe rmi core, the engineering-
core mockup was lengthened by adding -|-in. of core material to the 
15.5-in. core section. This extension was made with the 4.0-in. end-gap 
section in place, thereby increasing the core section in this half to 16.0 in. 
and reducing the end gap to 3.5 in. The axial blanket remained constant, 
with 1.5 in. of depleted uranium in the back of the front drawers . The 
drawer loading for the above conditions are shown in Fig. 63, This change 
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over the entire end of the core in Half No. l , including part ial d rawers , 
resulted in a reactivity increase of 122.2 Ih. This reactivity change 
resulted from the addition of 7.2 kg U"^ and 22.2 kg U^̂ ° together with 
the corresponding quantities of Al, Mo, Zr , and stainless steel, and the 
removal of 8.1 kg of aluminum in reducing the gap length. The negligible 
effect of increasing the gap length from 3.5 in. to 4.0 in. removes the 
need for gap correction. 

Axial Fuel Shimming, Constant Mass. The axial expansion of the 
uranium fuel pins in the Fe rmi reactor was simulated in the ZPR-III 
engineering-core loading by inserting -^-in. aluminum shims between 
the butting ends of the enriched and depleted uranium pieces along the 
length of the columns. This produced an elongation of the fuel mater ia l 
with no change in uranium content of the core and a minimum addition of 
aluminum. The average density of uranium in the core was lowered, but 
the local density obviously remained constant. 

The core drawers were rearranged to form -^-in. columns of 
uranium, and the drawer spring was moved from the back of the drawer 
to the core-end gap interface to prevent movement of the end gap and 
end blanket when the shims were inserted. A reference run established 
the reactivity of this configuration. Aluminum shims, -|- x 2 x -j^-in., 
were then placed at 5-in. intervals along the axial columns to represent 
the expansion of fuel. Figure 64 shows a typical drawer with the shims 
inserted. Shims were placed only in drawers of Half No. 2 with nine shims 
per drawer as shown. About two-thirds of the edge drawers contained 
shims. 

I I I I I I I I I I I I I I 

r 

Fig. 64 

Location of Shims 
and Spring Gap in a 
Typical Core Drawer 
for Shim Experiment 

Insertion of the shims resulted in a net reactivity loss of 32.3 Ih. 
The shims represented an addition of 0.807 kg aluminum. With the worth 
of aluminum as 4.24 Ih/kg as determined from the partial drawer sub
stitution experiments with the clean core (see V,E,2 and Table IX), the 
aluminum correction is 3.42 Ih. Therefore, the net expansion effect 
resulted in a reactivity loss of 35.7 Ih over approximately half the core. 
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H. P r e c i s e Pos i t ion ing of Mockup Safety Rod Channels 

As noted in the d e s c r i p t i o n of the e n g i n e e r i n g - c o r e a s s e i n b l y , the 
control and safety rod channe l s w e r e loaded into Z P R - I I I in s l igh t ly off-
des ign, but compensa t ing p o s i t i o n s , a s shown in F i g . 29. The l a r g e s t 
deviat ion f rom des ign loca t ion o c c u r r e d for the four c o r n e r c h a n n e l s 
loaded in M,N-13 , -19 and R , S - 1 4 , - 1 8 (see F i g . 27). The o t h e r m o c k u p 
channels were s e l f - c o m p e n s a t i n g within e x p e r i m e n t a l e r r o r . 

To d e t e r m i n e the c o r r e c t i o n for the a c c u r a t e p l a c e m e n t of the 
above c o r n e r channe l s , two of t he se c h a n n e l s w e r e c o r r e c t l y p o s i t i o n e d 
in Half No. 2 in 2M,N-13 , -14 and 2 R , S - 1 3 , - 1 4 , a s shown in F i g . 65. 
Moving the f i r s t mockup channel in t o w a r d the c e n t e r f r o m 2 M , N - 1 3 to 
2M,N-13, -14 d e c r e a s e d the r e a c t i v i t y 10.6 Ih. The second c h a n n e l p r o 
duced a r eac t iv i ty gain of 3.8 Ih when m o v e d f r o m 2R ,S -14 to 2 R , S - 1 3 , - 1 4 , 
for a net l o s s of 7 Ih for the c o r r e c t pos i t ion ing of two of the e igh t , c o r n e r 
ha l f - channe l s . The total for the c o r r e c t pos i t ion ing of t h e s e c h a n n e l s in 
the mockup would then be -27.2 Ih, or a c o r r e c t i o n of +0.52 kg U"^ on the 
e n g i n e e r i n g - c o r e c r i t i c a l m a s s . 

I. W o r t h s of F e r m i F u e l S u b a s s e m b l i e s 

F o u r d i f fe ren t F e r m i fuel s u b 
a s s e m b l i e s w e r e m o c k e d up in ZPR-I I I , 
and ca re fu l a t t en t i o n w a s pa id with 
r e g a r d to l oca t ion , c r o s s s e c t i o n , 
v o l u m e , and to ta l m a s s . The wor th of 
the c e n t r a l fuel s u b a s s e m b l y w a s 
found r e l a t i v e to a l u m i n u m in a m o c k e d -
up , sod ium- f i l l ed channe l . The w o r t h s 
of the t h r e e fuel s u b a s s e m b l i e s a t the 
edge of the c o r e w e r e found r e l a t i v e 
to a b l anke t s u b a s s e m b l y mockup . 
The loca t ion of t he se s u b a s s e m b l i e s 
is shown in F i g . 66. 

'^ffHifp'""""'-' 

I ; SZ-tAI 

i'i^fll 
__\m fli 

i 1 i ' 1 ; 1 1 I " 

Fig . 

C e n t r a l F u e l S u b a s s e m b l y . 
The wor th of the c e n t r a l fuel s u b 
a s s e m b l y was of i n t e r e s t b e c a u s e it 
r e p r e s e n t s the m a x i m u m a m o u n t of 
r e a c t i v i t y that can b e added by i n s e r t -

, , ing a fuel s u b a s s e m b l y into the c o r e 
during loading ope ra t i ons . Since the empty channe l would b e f i l led with 
sodium, the fuel s u b a s s e m b l y was m o c k e d up with a loading s i m i l a r to the 
a lummum-f iUed safety and con t ro l rod channe l s 

S5, C o r r e c t Pos i t ion ing 
of F e r m i Mockup 
Safety Rod Channel 



83 

H 

J 

K 

L 

M 

N 

0 

p 

Q 

R 

S 

I 

u 
V 

8 1 10 i i 12 13 14 

t̂-[̂  

// 
i i . 

C 

%̂ 

15 

' 

•/.-. 

W 

16 

1 

V/ 
ILL 

'̂ ^ 
^ 
l l 

/̂. • - / / 

• ^ 

17 18 

-.1 

• : | 

''lA 

19 

[.-
\-

Core 

B 

^ 

20 

• . V 

^ 

21 22 

Bla 

23 

ikel 

24 

Fig. 66 

Location of Fe rmi Fuel 
Subassemblies Mocked 
Up in ZPR-III for Worth 
Determinations 

I Mockup Of Fermi 
I Fuel Subassemblies 

J Mockup of Fermi Control 
I & Safely Rod Channels 

Figure 67 shows the top view of the P-16 drawer and the top 1-in. 
of the Q-16 drawer used to mock up the core section of the central fuel 
subassennbly. Since it was not possible to use full-length columns of all 
mater ia l s , some columns contained several mater ia ls . The mater ia ls 
were distributed as uniformly as possible along the length of the core. 
The end gaps and axial blanket regions were also simulated in a similar 
manner. 

Fig. 67 

Drawer Loadings for 
Central Fe rmi Fuel 
Subassembly Mockup 
(P-16 and Top 1 in. 
of Q-16) 
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In Table XXIX a r e c o m p a r e d the a m o u n t s of m a t e r i a l in the F e r m i 
fuel subas semb ly with the a m o u n t s a c t u a l l y u s e d in the Z P R - I U m o c k u p s . 
The amounts of s t a i n l e s s s t ee l and z i r c o n i u m differ b e c a u s e a s u b a s s e m 
bly with a s t a i n l e s s s t ee l r a t h e r than a z i r c o n i u m f u e l - s u p p o r t g r i d w a s 
used as the model . H o w e v e r , the w o r t h s of s t a i n l e s s s t e e l and z i r c o n i u m 
a re v e r y nea r ly the s a m e , so no a p p r e c i a b l e e r r o r should r e s u l t . 

Table XXIX 

COMPARISON OF FERMI F U E L AND BLANKET SUBASSEMBLIES 
WITH MOCKED-UP SUBASSEMBLIES IN Z P R - I I I 

Fuel Subassembly 

F e r m i 
P SI Q16 
H & 115, 16 & 17 
V &i W13 & 14 (19 & ^0) 

Blanket Subassembly 

F e r m i 
ZPR-II I Mockup 

Length 
(m.) 

30,95 
30,58 
31,08 
31.08 

Length 
(in,) 

1 
i 

C r o s s -
Sect ional 

Area (in, ') 

7,25 
7,13 
7,42 
7.42 

C r o s s -
Sectional 

Area (m, ) 

7,25 
7,42 

u"= 

4,978 
4,932 
4.954 
5.003 

V"' 

14.077 
14.071 
13.884 
14.025 

Mate 

Depleted U 

1.009 0 
0.993 0 

M a t e r i a l s (l^g) 

SS Mo 

3.882 2.173 
4,192 2,027 
4.150 2.158 
4.028 2.126 

• r i a l s (kg) 

SS Mo 

,177 0,026 
,163 0.030 0 

Zr 

1.418 
1.147 
1,203 
1,225 

Ai 

,049 

A l 

2,512 
2,451 
2,407 

The worth of the c e n t r a l fuel s u b a s s e m b l y d i sp l ac ing s o d i u m in the 
fo rm of low-dens i ty a luminum was m e a s u r e d in two w a y s . The n o r m a l 
method of using pos i t ive pe r iod m e a s u r e m e n t s by m e a n s of fuel add i t ions 
to compensa te for the r eac t iv i ty l o s s gave a wor th of 345.0 Ih. The 
method of using subc r i t i c a l mul t ip l i ca t ion count r a t e s gave a w o r t h of 
347.5 + 10 Ih. These m e a s u r e m e n t s w e r e m a d e by s t e p w i s e w i t h d r a w a l of 
the s imula ted subas semb ly and r e p l a c e m e n t with l o w - d e n s i t y a l u m i n u m 
to r e p r e s e n t sodium. React iv i ty m e a s u r e m e n t s w e r e m a d e for each s t ep . 

Fue l S u b a s s e m b l i e s at the Core Edge . The w o r t h s of fuel s u b a s s e m 
b l i e s at the edge of the co re w e r e m e a s u r e d . The s u b a s s e m b l y m o c k u p in 
V,W-13 , -14 r e p r e s e n t s the l a s t fuel s u b a s s e m b l y to be added to the 
91 - subas semb ly a r r a y . The o ther two mockups in H , I -1 5 , -16 , - 1 7 and 
V,W-19 , -20 r e p r e s e n t two fuel s u b a s s e m b l i e s in the row of i n t e r c h a n g e a b l e 
blanket s u b a s s e m b l i e s su r round ing the c o r e . A c o m p a r i s o n b e t w e e n the 
mocked-up and F e r m i b lanke t s u b a s s e m b l y is shown on a p e r - i n c h b a s i s 
in Table XXIX. Table XXX shows the r e s u l t s of the s u b s t i t u t i o n s . 

F i g u r e 68 shows the po r t ions of d r a w e r s H , I -1 5 , -16 , -17 which 
contained the subas semb ly mockup. F i g u r e 69 shows the p o r t i o n s of 
d r a w e r s V,W-13, -14 and V ,W-19 , -20 which con ta ined the m o c k u p . The 
core m a t e r i a l s were d i s t r i bu t ed in a m a n n e r s i m i l a r to that u s e d in the 
cen t r a l fuel subassembly . 
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Table XXX 

WORTH OF FERMI F U E L VS, RADIAL BLANKET 
SUBASSEMBLIES AS MOCKED UP IN ZPR- I I I 

Average 
Rad ius 

(in.) 

14.50 
15.70 
16.16 

Locat ion 

V ,W-13 , -14 (C) 
V , W - 1 9 . - 2 0 (B) 
H , I - I 5 , - I 6 , - I 7 (D) 

Worth (Ih) 

125.2 
98.1 
90.4 

IMM: 

• • • 

m 
•'•' y. 

Fig. 68. Core-Edge Subassembly Mockup in ZPR-III (H,I-1 5,-16,-17) 

1191 1201 
13 Id 

Fig. 69. 

Core-Edge Subassembly 
Mockup in ZPR-III (V, 
W-13,-14 and V,W-19,-20) 

1 in. 1-112 in. 2 In 
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J, Fermi Control and Safety Rod Worths 

The purpose of this ser ies of experiments was to determine the B 
enrichment necessary to provide a reactivity effect of 0.00316 Ak/k, or 
46 cents (142.6 Ih), in each of the two central shim-control rods and 
0 00687 Ak/k, or $1.00 (310 Ih), in each of the eight outer safety rods. In 
addition to determining the enrichment necessary for an individual rod 
It was necessary to investigate the shadow or coupling effects of one shim-
control rod on the other, as well as the shadow effects between adjacent 
safety rods with the shim-control rods in place. The detailed engineering 
designs and the ZPR-III mockups of both the shim-control and safety rods 
are shown in Figs. 72 through 75. 

The experiments consisted, f irst , of locating both identical boron 
carbide shim-control rods in their respective channels in the fully with
drawn position at the core-end blanket interface, and then stepping f irst 
one rod and then the other rod into the core. This provided the uncoupled 
worth of the first rod and the shadowed or coupled worth of the second. 
The worth of each rod was then just half the total of these two measurements . 
The effect of a change in the B ' " enrichment was also measured. The r e 
activity measurements were made by means of supercr i t ical period deter
minations accompanied by the addition or removal of distributed seeded 
drawers to remain within the operating reactivity range of the cri t ical 
assembly. 

The shim-control rods were both withdrawn to the F e r m i nominal 
operating position (extending from 7 to 17 in. from the interface in 
Half No. 1) and remained in this position throughout the measurements of 
safety rod worth. The measurements of safety rod worth were conducted 
by stepwise insertion of one of the safety rods to obtain the uncoupled 
worth. A second rod was then inserted, twice removed from the f irs t 
rod, to obtain its uncoupled worth. Shadowing or coupling between a l te r 
nate rods was assumed to be negligible. A third rod was inser ted between 
the first two to obtain the coupled worth. The first and second rods were 
then covered on either side by the appropriate fully inser ted safety rods 
and the coupled worth of each was obtained in two separate se r i es of step
wise withdrawals. As the coupling effect between the individual rods in
creased, the B ' " enrichment of the rods was increased to retain the total 
desired negative reactivity in the rods by replacing the small (^x-l-x 2-in.) 
pieces of natural boron carbide with identical pieces of 90%-enriched B ' " 
carbide. The effect of these incremental enrichments a re noted to facilitate 
the final adjustment of the B ' " enrichment in the F e r m i reactor safety rods. 

Shim-Control Rods. For the purposes of this set of exper iments , 
the rod channels in the Fermi engineering core mockup were relocated as 
shown in Fig. 70 to obtain better correspondence between the engineering 
design and the ZPR-III mockup. This also allowed accurate positioning of 
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the boron carbide with respect to the engineering design. Figure 71 shows 
a c ross section of the loading for a typical sodium-filled rod channel. 
F igures 72 and 73 show the detailed loadings for a typical position of the 
shim-control rod mockup. Weights and volume per cent compositions are 
given in Table XXXI. For reference, the rod position is indicated by the 
distance between the forward end of the rod (^-in. stainless steel) and the 
assembly interface which, for this case, was -^--in. below the Fermi core 
midplane. Positive numbers indicate the position in Half No. 1 (upper 
portion of core , 15.5 in.) and negative numbers indicate the position in 
Half No. 2 (lower portion of core, 15.0 in.). 
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Worth Measurements 
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Table XXXI 

WEIGHTS AND VOLUME PER CENT COMPOSITION OF 
MOCKUP SHIM-CONTROL RODS IN ZPR-III 

89 

10-in. Poison Section 

14-in. Gas Void Section 

B 4 C ' Al JZ) 

V o l ( cc ) 

1120.9 

1569.2 

Wt (g ) 

620.8 

v / o 

22.2 

W t ( g ) 

968 .8 

1662.0 

v / o 

32.0 

39.2 

Wt (g ) 

4 6 6 . 1 

652 .5 

v / o 

5.3 

5.3 

(1) 

(2) 
Natural Boron Carbide 

Does not include stainless steel in drawer and matrix tube. 

It should be no ted that the 10 .0- in . b o r o n c a r b i d e s ec t i on is fol lowed 
by a 14- in . m o c k u p g a s - v o i d s ec t i on f o r m e d by loading hol low -j- x y - i n . -
c r o s s s e c t i o n a l u m i n u m tubes (3.12 g / i n . ) in the s a m e g e o m e t r y a s the 
b o r o n c a r b i d e . The w e i g h t s , c o m p o s i t i o n , and d i m e n s i o n s of the b o r o n 
c a r b i d e p i e c e s u t i l i z e d in the loading a r e g iven in Table XXXII. 

Table XXXII 

WEIGHTS, COMPOSITIONS,* AND DIMENSIONS OF BORON CARBIDE 
PIECES UTILIZED FOR MOCKUP RODS 

B'° (a/o) 
1 1 -, • 

•^ X y X Z - i n . 

•̂  X y X 3- in . 

Bo ron (w/o) 

C a r b o n 

(g B4C) 

(g B4C) 

Na tu ra l 

19.2 

8.87 

13.15 

76.98 

22.56 

E n r i c h e d 

90.7 

8,01 

12,41 

69.34 

27.68 

SiOz 

F e 

A l 

N i 

C r 

(w/o) 

Na tu ra l 

0.04 

0.20 

0.13 

< 0 . 1 0 

< 0.50 

E n r i c h e d 

0.36 

0.24 

< 0 . 5 0 

< 0 . 1 0 

0.38 

*Letter, F. B. Huke, Norton Company to R. A. Wood, Power Reactor 
Development Company, dated October 12, 1959. 

The following s u m m a r i z e s and t a b u l a t e s the e x p e r i m e n t a l da ta : 

A to ta l of 70 -1- X y x 2- in . p i e c e s of b o r o n c a r b i d e w e r e loaded in 
each rod mockup . 

E a c h rod mockup con ta ined 5 p i e c e s B " ' - e n r i c h e d B4C and 65 p i e c e s 

n a t u r a l B .C . 
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F i r s t rod i n s e r t e d f r o m infinity to 16-|--in. in Half No. 1 

(17 in. f rom in t e r f ace to f ront of -^- in . s t a i n l e s s s t ee l ) . = -12 Ih 

Second rod i n s e r t e d at 16 | - - in . = - 9 Ih 

The 5 B ' ^ - e n r i c h e d B4C p i e c e s in each rod r e m o v e d 
and r ep l aced with n a t u r a l B4C. = +2.9 Ih 

1. Uncoupled Worth of S h i m - C o n t r o l Rod in P - 1 4 , - 1 5 

Natura l B4C mockup rod in P - 1 4 , - 1 5 i n s e r t e d s t e p w i s e with 
na tu ra l B4C mockup rod in P - 1 7 , - 1 8 r e m a i n i n g a t 1 6 ^ in . : 

Rod Pos i t ion 
( i n , ) 

1 6 ^ 

141-

^n 
104 

8 i 

4 | -

-̂i-
3 
T 

-2i 
-4i 

-6 i 

Coupled Worth 

B4C P o s i t i o n 
(in,) 

17 

15 

13 

11 

9 

5 

3 

1 

- 2 

- 4 

- 6 

of S h i m - C o n t r o l 

A l h 

0 

-4 .0 

-8 .2 

-12 .4 

- 1 7 . 3 

-25 .8 

-24 .3 

-22 ,3 

-21 .5 

-6 .8 

+ 0.5 

Rod in P -

To ta l Ih 

0 

-4 .0 

-12 .2 

-24 .6 

-41 .9 

-84 .9 

-109 ,2 

-131 ,5 

-153 ,0 

-159 ,8 

-159 ,3 

-17 , -18 

f i r s t n a t u r a r r r " ' Y " ° f "'^ ' " '^ ' " P - l ^ - l S i n s e r t e d s t e p w i s e with 
i i r s t na tu ra l B4C mockup rod in P - 1 4 , - 1 5 at - 5 i - i„ I-R r ^ • 
as sembly in ter face) : ^ at b 4 m. (B4C 5 m. e i t h e r s ide of 

Rod Pos i t ion B4C P o s i t i o n 
y 

1 2 i 

(i"-) Alh 

17 0 

To ta l Ih 

0 

13 -12 .8 -12 .8 

^* 9 -28.7 - 4 1 . 5 
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Rod Position B.C Position 
(in.) 

61-
H 
H 

3 

T 
- 2 | -

-54-

(in.) 

7 

5 

3 

1 

-2 

- 5 

Alh 

-20.2 

-22.6 

-23.6 

-20.1 

-20.1 

-4,4 

Total Ih 

-61.7 

-84,3 

-107,9 

-128,0 

-148.1 

-152.5 

Average coupled worth of natural B4C rod from 
16-yin, to - 5 ^ in, interpolating worth of rod in 
P-14, -15 = -156,3 Ih 

Replaced 5 -yx-j- x2- in . pieces of natural B4C 
along 10-in. length of mockup rod in P-14,-1 5 
with equal volume of enriched B4C. Both rods 
at -5 |- in. = -26.7 Ih 

or -5.34 Ih/piece 

As above for mockup rod inP-17,-18 with 
enriched B4C inP-14,-15 = -27,3 Ih 

or - 5,46 Ih/piece 

Average value for replacing natural B4C 
with enriched B4C in both rods at fully 
inserted position, = -5,40 Ih/piece 

Safety Rods, The locations of the mockup safety rod channels 
utilized in these measurements may be seen by referring to Fig, 70, 
F igures 74 through 77 i l lustrate the manner in which the mocked-up safety 
rods were loaded to simulate the design dimensions and compositions. The 
composition (in v/o) over the various mocked-up safety rods remained 
constant with variat ions only in the B ' enrichment and the mater ia l d is
tribution over the various matr ix channels necessary to obtain the cor rec t 
geometry. The weights and compositions (in v/o) for a mocked-up safety 
rod are l isted in Table XXXIII, 

A part icular point in question in this ser ies was a possible positive 
reactivity effect of the hollow stainless steel ram at the forward end of the 
safety rod upon initial insertion of the rod into the core. This region of 
insertion was investigated in detail. A small positive effect, 1.7 Ih, was ob
served for the safety rod containing natural boron carbide. However, this 
was not seen in subsequent measurements using enriched B ' " carbide. 
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Fig. 74 

Comparison of Cross Sections 
of Fermi and ZPR-III Mockup 
Safety Rods (M,N-16) 

ZPR HI Mockup - 553.2CC 6 

135-lMir, x l 'Z in i 2 i n Pieces 

Fig. 75 

Axial Cross Sections 
of Fermi and ZPR-III 
Mockup Safety Rods 
CM,N-16) 

45^/4 
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Cross Section of ZPR-III 
Mockup Safety Rod (P-1 2,-1 3) 

^ Boron-Carbide. 135-1/4 in, x 1/2 i n , « 2 in, Pteces, 553,2 cc 

Fig. 77 

Cross Section of 
ZPR-III Mockup 
Safety Rod 
(M,N-13,-14) 

Boron - Carbide. 
135- l /4 in . xU2in . > 
2 in. Pieces. 
553.2 cc 
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Table XXXIII 

WEIGHTS AND VOLUME PER CENT COMPOSITION OF 
MOCKUP SAFETY RODS IN ZPR-II I 

Safety I 

0 -

J_ 
4 

9-

3 6 - i n , 

i n . 

- 9 i i n . 

- 9 i i n . 

Po i son Section 

-d) 

Vol (cc) 

28.0 

1008.8 

56.0 

4035.1 

Wt(g) v / o 

1197.2 11.9 

SS [2) 

Wt(g) 

11.9 

1096.7 

23.7 

3806.6 

v / o 

15.7 

40.3 

15.7 

34.9 

Wt(g) 

128.4 

1435.6 

256.8 

2240.4 

v / o 

58.4 

18.1 

58.4 

7 .1 

(1) N a t u r a l Boron Carbide 

Does not include s t a i n l e s s s t ee l in d r a w e r and m a t r i x tube. 
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The re fe rence for the safety rod pos i t i on w a s aga in c h o s e n at the 
a s sembly interface with d i s t a n c e s m e a s u r e d to the f ront of the r a m and to 
the front of the B4C as indica ted . The safety r o d s a r e n o r m a l l y fully w i t h 
drawn f rom the upper axial end b l anke t (Half No, 1) dur ing o p e r a t i o n of the 
F e r m i r e a c t o r . Only that por t ion of the b o r o n c a r b i d e r e s i d i n g wi th in the 
core and end blanket was mocked up dur ing the s t e p w i s e i n s e r t i o n s . 

The following s u m m a r i z e s and t a b u l a t e s the e x p e r i m e n t a l da ta : 

1. Uncoupled Worth of Safety Rod in M , N - 1 6 

When fully i n s e r t e d , th is r od con ta ins 135 -^x-2-x2-in. p i e c e s 
of boron carb ide along 36-in. length. 

Both na tu ra l B4C s h i m - c o n t r o l r o d s p o s i t i o n e d a t n o m i n a l 
operat ing posit ion (bj in. f rom in t e r f ace ) . 

Safety rod in i t ia l ly c o n s i s t s e n t i r e l y of n a t u r a l B . C . 

Ram Pos i t ion 
(in,) 

2l i 

i n 
1 3 i 

9i 

H 
l i 

-H 
-H 
-91-

- 1 2 i 

-16-1-

- 2 0 i 

-̂ n 

B4C Pos i t i on 
(in,) 

-

2 U 
2 3+ 

19 

15 

11 

7 

3 

0 

- 3 

- 7 

- 1 1 

- 1 8 

Length of B^C 
( i n ) 

0 

4 

8 

12 

16 

20 

24 

2 8 

31 

34 

36 

36 

36 

A l h 

0 

0 

-H,7 

-1 ,7 

-5 ,7 

-12 ,7 

-21 .9 

-30 .2 

-24 .9 

-24 .0 

-27 ,6 

-19 ,0 

-11 ,2 

Tota l Ih 

0 

0 

-H.7 

0 

-5 ,7 

-18 ,4 

- 4 0 , 3 

-70 .5 

-95 .4 

-119 ,4 

-147 ,0 

-166 ,0 

-177 ,2 

rod in M,N-16 Replaced na tu ra l B,C wUh B - e n r i c h e d B,C in fully i n s e r t e d 

9 4 x - ' - v ? i^ ' ^ 1 ^ I h / p i e c e 

in. f rom i n t e r f a c e ) . - I 2 . 4 -1 .388 

- 4 . 4 8 5 
T X , x 2 - i n . p i eces (8 to 12 in.) . 2 ^ . 9 
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- 2 7 . 5 

-16 2 

- 1 5 . 9 

- 4 . 5 8 3 

-5 ,40 

-5 .30 

^ I h I h / p i e c e 

6 -i X -i-x 2 - in . p i e c e s (4 to 8 in . ) 

3 + x - j - x 2 - i n . p i e c e s (2 to 4 in . ) 

3 -J-X-i-X 2 - in . p i e c e s (O to 2 in . ) 

9 - i x y x 2 - i n . p i e c e s u n i f o r m l y d i s t r i b u t e d 
ove r 3 6 - i n . l eng th of r o d -28 .7 - 3 . 1 9 

Tota l u n c o u p l e d w o r t h of e n r i c h e d m o c k u p safe ty r o d i n M , N - 1 6 : 

36 -^x l - x 2 - i n . p i e c e s B '°C"^ 

QQ 1 1 7 • n V ^= -304 .8 Ih 
99 i x i x 2 - i n . p i e c e s B4C 

2. Uncoupled W o r t h of Safety Rod in P - 1 2 , - 1 3 

Above e n r i c h e d safe ty r o d fully i n s e r t e d in M , N - 1 6 . 

Both n a t u r a l B4C s h i m - c o n t r o l r o d s in n o m i n a l o p e r a t i n g 
pos i t i on {6^ in. f r o m i n t e r f a c e ) . 

F i n a l e n r i c h m e n t of p r e v i o u s rod u s e d for th i s i n s e r t i o n at 
P - 1 2 , - 1 3 : 

36 l x | - x 2 - i n . p i e c e s Bi°C 

99 i x - i - x 2 - i n . p i e c e s B4C 

R a m P o s i t i o n 
(in.) 

-^2I•^ 

+4-
-H 
-6f 

- 8 * 

- 1 3 i 

- i v 4 
- 2 7 j 

B, 4C P o s i 
(in,) 

-
10 

7 

3 

1 

-4 

- 8 

-18 

tion L l ength of 
(m,) 

-
21 

24 

28 

30 

35 

36 

36 

B. .c 
Alh 

0 

-32 6 

-22 ,2 

-39 ,8 

-22 .6 

-52 ,6 

-33 ,4 

-27 ,6 

Tota l Ih 

0 

-32 ,6 

-54 .8 

-94 .6 

-117 ,2 

-169 ,8 

-203 ,2 

-230 ,8 
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Replaced n a t u r a l B4C with B ' " e n r i c h e d B4C in fully i n s e r t e d 

rod in P - 1 2 , - 1 3 : 

Alh I h / p i e c e 

12 - x i x 2 - i n . p i ece s 0 to 18 in. in Half No. 2 -31 .0 -2 .58 

13 i - x - x 2 - i n . p i ece s 0 to 18 in. in Half No. 1 -30 .2 -2 .32 
4 2 

Total uncoupled wor th of safety rod in P - 1 2 , - 1 3 : 

60 - i -x-^x2- in . p i ece s B^^C "] 
\ ] )• = -291 .9 Ih. 

75 i . x i x 2 - i n . p i eces B4C 
4 2 J 

3. Coupled Worth of Safety Rod in M , N - 1 3 , - 1 4 

The two rods ( P - 1 2 , - 1 3 and M,N-16) ad j acen t to th i s p o s i t i o n 
fully i n s e r t e d with above final e n r i c h m e n t . 

Both na tu ra l B4C s h i m - c o n t r o l r o d s at n o m i n a l o p e r a t i n g 
posi t ion (6|- in. f rom in te r face) . 

F ina l en r i chmen t of p r e c e d i n g r o d u s e d h e r e : 

60 - x y x 2 - i n . p i eces B ' C 

75 4-x-2x2- in . p ieces B4C 

Ram Posi t ion B4C Pos i t i on Length of B4C 
(in.) (in.) (in.) Alh To ta l Ih 

211 

13i 

n 
-n 
M 

-111 
- in 

-̂ n 

-

23 

11 

7 

3 

-2 

-8 

-18 

20 

24 

28 

33 

36 

36 

0 

0 

- 2 7 . 9 

- 3 1 . 4 

- 4 4 . 0 

- 6 0 . 6 

- 6 3 . 5 

- 3 8 . 8 

0 

0 

- 2 7 . 9 

- 5 9 . 3 

- 1 0 3 . 3 

- 1 6 3 . 9 

- 2 2 7 . 4 

- 2 2 6 . 2 
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R e p l a c e d n a t u r a l B4C with B ' ° e n r i c h e d B4C in fully i n s e r t e d 
rod in M , N - 1 3 , - 1 4 . 

Alh I h / p i e c e 

13 ^ x - 2 x 2 - i n . p i e c e s of B4 C 

0 to 18 in. in Half No. 1 -26 .7 -2 .05 

11 4 - x - 2 x 2 - i n . p i e c e s of B4''C 

0 to 18 in. in Half No. 2 -23 .0 -2 .09 

To ta l coup led w o r t h of sa fe ty r o d in M , N - 1 3 , - 1 4 

84 | x | - x 2 - i n . p i e c e s Bi°C 

- . 1 1 , . „ _ r = -315 .8 Ih 
Di •yx-5-x2- in . p i e c e s B4C 

4. Coupled W o r t h of Safety Rod in M,N-16 

The two a d j a c e n t sa fe ty r o d s , M , N - 1 3 , - 1 4 and M , N - 1 8 , - 1 9 fully 
i n s e r t e d and e a c h con ta in : 

84 -5-x-j-X 2 - in . p i e c e s B J ' ' C 

51 -J-X-J X 2-in. p i e c e s B4C 

Both n a t u r a l B4C s h i m - c o n t r o l r o d s a t n o m i n a l o p e r a t i n g p o s i 
tion (6-5- in. f r o m i n t e r f a c e ) . M , N - 1 6 in i t i a l ly fully i n s e r t e d with: 

36 f X-J-X 2 - in . p i e c e s B4 C 

99 f x -2 -x2- in . p i e c e s B4C 

R e p l a c e d n a t u r a l B4C with B e n r i c h e d B4C in fully i n s e r t e d 
rod in M , N - 16: 

9 • i x - 5 - x 2 - i n . p i e c e s d i s t r i b u t e d u n i f o r m l y a long rod = -23 .8 Ih 

o r - 2 . 65 I h / p i e c e 

F o r s t e p w i s e w i t h d r a w a l , r od now c o n t a i n s : 

. , , - 1 1 - , - TD i o ^ 

45 • 5 - x x x 2 - i n . p i e c e s B4 C 

90 -j-x-j-X 2- in . p i e c e s B4C 
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Rod Pos i t ion 
(in.) 

-2n 
-191-

-151-

- in 
-bi 

- 2 * 

+n 
-121-1-

B4C P o s i 
(in.) 

- 1 8 

- 1 0 

- 6 

- 2 

-t3 

-t7 

- H I 

-

t ion L. sngth 0 
(in. 

36 

36 

36 

33 

2 8 

24 

20 

0 

f B4C 

) Alh 

0 

22.1 

32.9 

45 .5 

63.0 

43,4 

34.2 

29.8 

To ta l Ih 

0 

22.1 

55.0 

100.5 

163.5 

206.9 

241.1 

270,9 

Total coupled wor th of safety rod in M , N - 1 6 : 

45 — x i - x 2 - i n . p i eces Bj^c"! 
4 2 * y= -270.9 Ih 

90 i x - i - x 2 - i n . p i eces B4C J 

5. Coupled Worth of Safety Rod in P - 1 2 , - 1 3 

The two adjacent safety rods M , N - 1 3 , - 1 4 and R , S - 1 3 , - 1 4 fully 
i n s e r t e d and each contain: 

84 -- X — X 2-in. p i eces B4 C 

51 -j-x —x2- in . p i eces B4C 

Both na tu r a l B4C s h i m - c o n t r o l r o d s a t n o m i n a l o p e r a t i o n p o s i 
tion (6 f in. from in te r face) . P - 1 2 , - 1 3 in i t i a l ly fully i n s e r t e d with: 

60 - j - x - x 2 - i n . p i ece s B'^C 

75 4 X y x 2 - i n . p i eces B4C 

Replaced na tu r a l B4C with B ' " e n r i c h e d B4C in fully i n s e r t e d 
rod in P - 1 2 , - 1 3 : 

24 - ^ x - j x 2 - i n . p i eces B^°C d i s t r i b u t e d un i fo rmly along rod = -45 .7 Ih 

o r - 1 . 9 0 5 I h / p i e c e 
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F o r s t e p w i s e w i t h d r a w a l , r o d now c o n t a i n s : 

84 l x | - x 2 - i n . p i e c e s B ^ C 

51 ^ X y x 2 - i n . p i e c e s B4C 

Rod Pos i t i i 
(in.) 

- 2 7 | -

- 1 9 i 

- 1 5 1 

- i n 
- 6 | 

- 2 * 

+n 
-t21-l-

on 

Tota l 

B4C 

couple 

P o s i t i o n 
(in.) 

- 18 

-10 

- 6 

-2 

+ 3 

+7 

-f l l 

-

d w o r t h of 

Leng th of E 
(in.) 

36 

36 

36 

33 

28 

24 

20 

0 

safe ty rod in 

I4C 

P - 12, 

Alh 

0 

-H9.7 

34.4 

49 .5 

67.1 

50.1 

36.1 

31.4 

- 1 3 : 

To ta l Di 

0 

-H9.7 

54.1 

103.6 

170.7 

220.8 

256.9 

288.3 

84 i x - i - x 2 - i n . p i e c e s B^''C 
y = - 288.3 Ih 

51 i x i x 2 - i n . p i e c e s B4C 
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VII OSCILLATOR ROD REACTIVITY WAVE SHAPE 
AND TOTAL WORTH 

' c a rb ide o s c i l l a t o r r od was f a b r i c a t e d to s i m u l a t e 

A. Rotating Po i son Rod 

the d imens ions ' "anTcLpoTi tTo" ; o7 t"he 'osc i l l a to r r od to be i n s t a l l e d in the 
F e r m i r e a c t o r . F i g u r e 78 shows the c r o s s 
sec t ion and d i m e n s i o n s of the o s c i l l a t o r 
rod mockup . A l u m i n u m was u s e d to s i m u 
la te the s o d i u m in the cool ing c h a n n e l s of 
the ac tua l rod . The e n r i c h e d B ' " c a r b i d e to 
be u s e d in the o p e r a t i n g rod in the F e r m i 
r e a c t o r was supp l ied for th i s e x p e r i m e n t . 
The o s c i l l a t o r r od m o c k u p con t a ined 
468.6 g of B4C ( including i m p u r i t i e s ) , 
5.30 kg s t a i n l e s s s t e e l , and 0.94 kg a l u m i 
num. The s t a i n l e s s s t e e l j a c k e t we ighed 
1.67 kg. An a n a l y s i s of the b o r o n c a r b i d e 
is given in Table XXXIV. 

Table XXXIV 

ANALYSIS* OF ENRICHED BORON CARBIDE 
FOR FERMI OSCILLATOR ROD 

^ Boron Carbide 0923 m. OD; 0525 in ID; 
31.25 in. long. 

^ SS 

Fig . 78. F e r m i Osc i l l a to r 
Rod Mockup 

B'» (a/o) 
Boron (w/o) 
Carbon 
W 

SiOj 

92.0 
61.66 
20.76 
14.70 

0.8i 

Fe203(w/o) 
AI2O3 
TiOj 
C a O 

M g O 

0.20 
1.34 
0.28 

<0 .05 
<0 .05 

• L e t t e r , F . B. Huke. Norton Co, to R, A. Wood, P o w e r 
Reac to r Development Co., da ted June 15, 1959. 

The object ives of the e x p e r i m e n t in Z P R - I I I w e r e : 

1. to de t e rmine the r eac t i v i t y effect of the o s c i l l a t o r r od v e r s u s 
sodium in an outer safety rod channel ( P - 1 2 , - 1 3 or P - 1 9 , - 2 0 ) ; and 

2. to de t e rmine the wave shape and p e a k - t o - p e a k w o r t h of t h i s 
rod at the posit ion of the safety rod channel in the F e r m i c o r e . 

Unfortunately, the late de l i ve ry of the bo ron c a r b i d e a t Z P R - I I I 
p revented the inclus ion of this e x p e r i m e n t in the F e r m i e n g i n e e r i n g - c o r e 
mockup. Consequently, to be t t e r s i m u l a t e the e n g i n e e r i n g c o r e con 
ditions in a subsequent r e p e a t of the c l e a n - c o r e a s s e m b l y , the s h i m -
control channels w e r e mocked up in P - 1 4 , - 1 5 and P - 1 7 , - 1 8 , t o g e t h e r wi th 
the two na tu ra l boron ca rb ide s h i m - c o n t r o l r o d s a t the n o m i n a l o p e r a t i n g 
posit ion, i .e . , extending f rom 7 to 17 in. f rom the i n t e r f a c e in Half No. 1. 
The wave shape and p e a k - t o - p e a k w o r t h of the full o s c i l l a t o r r o d w e r e 
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also obtained with the mocked-up shim-control rods fully inser ted . The 
safety rod channel was mocked up initially in P-13 (6.55-in. average radius) 
and subsequently in P-12 (8.73-in. average radius) to bracket the 8.08-in. 
radial dimension of the Fe rmi safety rod channel. This channel mockup 
(2x2 in.) contained 50.56 v /o aluminum, or 106.22 g Al per axial in. of 
channel, to simulate sodium. The remaining safety channels were not 
mocked up. The total worth of the oscillator rod versus the a luminum-
filled channel was found to be -206.8 Ih in P-12 and -260.5 Ih in P -13 with 
the 2 shim-control rods at the nominal operating position. 

The wave shape and peak-to-peak worth of the oscil lator rod was 
determined by statically positioning the rod with a remotely controlled 
drive motor and noting the period of the reac tor . The angular position of 
the rod with reference to an a rb i t ra ry zero was indicated by a selsyn 
motor-generator hookup. The position accuracy of the selsyn indicator is 
estimated to be within +1 degree and the e r r o r of the reactivity m e a s u r e 
ment to be within ±0.2 Ih. 

The data obtained for the oscillator rod in channel P-12 are given 
in Table XXXV and plotted in Fig. 79. Table XXXVI lists the data resu l t 
ing from the measurements in P - 1 3 . These data are plotted in Fig. 80. 
All measurements are summarized in Table XXXVII. 

Table XXXV 

FULLY LOADED OSCILLATOR ROD IN P-12 

A. Shim-control rods at 7-17 in. from B. Shim-control rods 5 in. either side 
assembly interface in Half No. 1 of assembly interface 

Angular Posi t ion 
(degrees) 

104.0 
150.0 
196.0 
240.5 
288.5 
331.5 

13.5 
60.5 

105.5 
151.0 
197.0 

Ak/k (Ih) 

39.4 
36.2 
28.7 
20.5 
17.1 
20.4 
27.9 
36.1 
39.7 
36.6 
28.3 

Angular Posi t ion 
(degree s) 

150.0 
193.5 
240.0 
284.0 
330.0 

12.5 
59.0 

105.5 
148.5 
239.0 

Ak/k (Ih) 

38.1 
30.5 
22.8 
19.5 
22.4 
29.7 
37.4 
40.6 
38.1 
22.9 
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7 0 — 39,5 = 22 5 it 

_ L J \ \ L J I I I I I \ L 
120 160 200 240 2 8 0 320 360 4 0 

DEGREES 

F i g . 79 

Wave Shape of F u l l O s c i l 
l a t o r Rod in P - 1 2 

Table XXXVI 

FULLY LOADED OSCILLATOR ROD IN P-13 

A. Shim-control rods at 7-17 in. from 
assembly interface in Half No. 1 

Shim-control rods 5 in. ei ther side 
of assembly interface 

Angular Position 
(degrees) 

114.0 
152.0 
199.5 
246.5 
288.5 
336.5 

21.0 
64.0 

109.0 
155.5 

Ak/k (Ih) 

38.8 
35.8 
29.6 
24.1 
22.3 
25.9 
32.3 
37.2 
39.3 
36.0 

Ang alar Posit ion 
degrees) 

110.5 
152.0 
198.5 
246.5 
291.0 
335.5 

17.0 
62.5 

112.5 
155.0 

Ak/k (Ih) 

30.2 
27.7 
22.4 
16.8 
15.5 
18.8 
24.1 
29.0 
30.6 
28.7 

Fig . 80 

Wave Shape of Fu l l Osc i l 
la tor Rod in P - 1 3 

155 — 30 7 = 15.2 <t 

SHIM-CONTROL RODS 
AT OPERATING POSITION f 6 | in ) 

I I I I I I , 
''O 90 120 160 200 240 290 320 360 

DEGREES 
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Table XXXVII 

PEAK-TO-PEAK WORTH OF FULL OSCILLATOR ROD 

Full Oscillator Rod at: 
Ak/k (Ih) (Shims at 
Operating Position) 

Ak/k (Ih) (Shims 
Full-In) 

P-12 (8.73 in.) 
P-13 (6.55 in.) 

Design Location (8.08 in.) 

22.5 
16.9 

•20.8 

21.2 
15.2 

-19.4 

An additional measurement of rod worth and \wave shape was made 
with a reduced length of B ' ° carbide. This was done by removing approxi
mately 9 J in. of B ' " carbide from either end of the 3 1-j- in. rod, leaving 
12.|- in. of B ' ° carbide centered about the midplane of the core . This p r o 
duced a peak-to-peak worth of 10.0 Ih in P-13 and 12.8 Ih in P -12 . Both 
measurements were made with the shim-control rods in the nominal op
erating position only, (7-17 in. in Half No. 1). This would indicate a worth 
of 12.0 Ih at the design position for this length of 90% enriched B ' " carbide. 
The detailed wave-shape data for this par t ia l rod are given in Table XXXVIII 
and plotted in Fig. 81. 

Table XXXVIII 

PARTIAL OSCILLATOR ROD IN P-12 
(Shim-control rods at 7-17 in. from assembly interface in Half No. l) 

Angular Position 
(degrees) 

Angular Position 
Ak/k (Ih) (degrees) Ak/k (Ih) 

108.5 
151.0 
202.0 
244.5 
288.0 

39.9 
38.7 
33.7 
29.3 
27.3 

338.0 
24.0 
68.5 

108.0 
243.0 

28.5 
33.5 
37.7 
39.5 
28.5 

270— 39 8 = 12 e 

PARTIAL OSCILLATOR ROD I l 2 | i n ) 

SHIM-CONTROL RODS AT OPERATING POSITION ( 6 | i n ) 

80 120 160 200 240 2S0 320 360 40 

DEGREES 

Fig. 81 

Wave Shape of Part ia l ly 
Loaded Oscillator Rod 
in P-12 

file:///wave
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B. S t r e a m i n g O s c i l l a t o r Rod 

The pos s ib i l i t y of u t i l i z ing a n e u t r o n - s t r e a m i n g - t y p e o s c i l l a t o r r od 
was s u g g e s t e d by APDA.(6) This o s c i l l a t o r rod would be c o n s t r u c t e d s o m e -
^vhat l ike a s e m i c i r c u l a r v a r i a b l e e l e c t r i c a l c o n d e n s e r wh ich would v a r y 
n e u t r o n l eakage o r s t r e a m i n g by a l t e r n a t e l y opening and m e s h i n g the p l a t e s . 
Th i s imechan i sm was s i m u l a t e d by f i r s t e m p t y i n g tha t p o r t i o n (-|-) of the 
m o c k e d - u p safety c h a n n e l s which o c c u r r e d in R - 1 4 , t hus p r o v i d i n g a 
t h r o u g h - h o l e o r void in th i s channe l in both the c o r e and end b l a n k e t s It 
was be l i eved that th i s pos i t ion would give the m a x i m u m d i f f e r ence in 
s t r e a m i n g w o r t h and be e q u i v a l e n t to the safe ty rod c h a n n e l n e a r e s t to the 
c o r e c e n t e r o c c u r r i n g a t R , S - 1 6 . 

The open p o s i t i o n of the m e c h a n i s m w a s s i m u l a t e d by loading the 
2 1 - m ^ c o r e d r a w e r m e a c h half wi th 2 x 2 x i - . i n . p i e c e s of s t a i n l e s s s t e e l 
loaded t r a n s v e r s e l y and s p a c e d i - i n . a p a r t by m e a n s of two 2 x J - x - l - i n . , 

4 5 % - d e n s i t y a l u m i n u m p i e c e s , 
a s shown in F i g . 82. Th i s r e p 
r e s e n t e d the m o s t r e a c t i v e s i t 
ua t ion . The back d r a w e r s w e r e 
omi t t ed f r o m each half in th i s 
channe l , p rov id ing a 2 - i n . -
s q u a r e void channe l on both ends 
of the 4 2 - i n . o s c i l l a t o r s ec t ion . 
The l e a s t r e a c t i v e or m e s h e d 
pos i t ion was s i m u l a t e d by r e 
loading the s ame m a t e r i a l in 
both d r a w e r s such tha t the 
s t a i n l e s s s t e e l f o r m e d a sol id 
a x i a l s e c t i o n 1 x 2 in. in c r o s s 
s ec t i on along one s ide of the 
d r a w e r . The a l u m i n u m s p a c e r s 
w e r e loaded a long the b o t t o m 
y in. of the r e m a i n d e r of the 

F i g . 82. Mockup S t r e a m i n g O s c i l l a t o r 

d r a w e r . A c r o s s s e c t i o n of th i s c l o s e d or M e s h e d i ; a d r n 7 i s " ! o U "" 
F i g . 82. In th i s c a s e , a con t inuous a x i a l void with c r o s - ' sec t io V . " ' " 
s i ons Of 1 by 1.5 in. was p r o d u c e d th rough the c o r e a n r b o t h I n r b l a n k T t s . ' 

The r e a c t i v i t y d i f fe rence o b s e r v e d be tween the . h o . 
for one m a t r i x channe l (R-14) was 6.6 Ih. ° cond i t i ons 
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VIII. APPLICATION OF CRITICAL EXPERIMENT DATA 

A. Clean-core Experiments 

The clean-core crit ical studies of the F e r m i Core A p rog ram have 
provided extensive data for the verification of analytical techniques for 
dilute fast reactor sys tems. The utilization of a homogenized cyl indrical 
core and a uniform blanket composition provides a simplified geometry 
for analysis and was therefore used for the major portion of the F e r m i 
Core A program. Typical applications of the data a re as follows: 

1. Verification of cros s-section sets and analytical methods for 
c r i t i ca l -mass and flux-distribution calculat ions. 

2. Application of distributed reactivi ty coefficient data to com
pensate for minor differences between the engineer ing-core 
loading in ZPR-III and the final F e r m i Core A design. 

3. Application of central react ivi ty coefficient data to evaluate 
regional versus perturbat ion-type calculat ions. 

4. Application of the fuel-bunching measu remen t s to evaluate the 
validity of using-g--in.-thick plates of highly enriched and de
pleted uranium to represen t a relat ively homogeneous a r r a y 
of lower enrichment fuel. 

5. Application of distributed reactivity coefficient data to obtain 
the pa r ame te r s contributing to the net i so thermal t empera tu re 
coefficient. 

6. The sodium-substi tution test data provided additional informa
tion concerning the validity of an aluminum representa t ion of 
sodium for fast cr i t ical studies. Test resu l t s also indicated 
the need for more extensive sodium loadings to define ade
quately the distributed and local density coefficients of sodium. 

B. Engineering-core Exper iments 

The engineering-core cr i t ical studies of the F e r m i Core A program 
were intended to provide data for specific charac te r i s t i c s of the final F e r m i 
design and to investigate any major differences between the homogenized 
clean core and the geometrically detailed engineering core . The p r imary 
purpose of the engineering-core assembly was to obtain cr i t ical m a s s , i .e . , 
fuel enrichment, and control rod worth, with the remaining portion of the 
engineering-core studies devoted to incidental effects. The analyses of 
both the c lean-core and engineer ing-core cr i t ical studies have been r e 
ported in detail by others .(^ '^ ^ ' ^ ' ^ ' ^ ° ' Typical design and operating char
ac te r i s t i c s obtained from the engineering core data are as follows: 
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Fue l e n r i c h m e n t r e q u i r e d for c r i t i c a l i t y of the F e r m i d e s i g n 
core under o p e r a t i n g cond i t i ons of t e m p e r a t u r e and b u r n u p . 

Boron-10 e n r i c h m e n t r e q u i r e d in the c o n t r o l and sa fe ty r o d s 
to provide the d e s i r e d r e a c t i v i t y c o n t r o l . 

The wor th of a des ign F e r m i fuel s u b a s s e m b l y at the c o r e 
cen te r and at v a r i o u s l o c a t i o n s at the c o r e e d g e . 

The power d i s t r i bu t i on th roughou t the c o r e and a t the i n n e r 
edge of the r a d i a l b lanke t w h e r e h i g h - t e m p e r a t u r e s r e s u l t 
f rom the r e d u c e d coolant flow of the b l a n k e t . 

The fue l -expans ion effect con t r i bu t i ng to the ne t i s o t h e r m a l 
t e m p e r a t u r e coeff icient was d e t e r m i n e d with the e n g i n e e r i n g -
core a s s e m b l y with the axia l c o r e - b l a n k e t end gap i n c l u d e d . 

The to ta l and p e a k - t o - p e a k w o r t h of the e n r i c h e d b o r o n - 1 0 
ca rb ide o s c i l l a t o r rod at i t s o p e r a t i n g p o s i t i o n . 

The r eac t i v i t y effect of n e u t r o n l e a k a g e t h r o u g h the s o d i u m -
filled flow channe l s in the ax ia l end b l a n k e t s . 
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